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ABSTRACT 
 
The flow around two-dimensional or infinite square prisms has been extensively studied.  Fewer 
published studies have been carried out for the flow around surface-mounted finite-height square 
prisms, especially where the prism is oriented at a non-zero incidence angle.  In the present study, 
the flow around surface-mounted finite-height square prisms of aspect ratios AR = 9, 7 and 5 was 
studied experimentally for a range of incidence angles, from α = 0° to 45°.  The experiments were 
conducted in a low-speed wind tunnel at a Reynolds number of Re = 3.7×104 and with a boundary 
layer thickness, relative to the prism width, of δ/D = 1.5.  Time-averaged velocity measurements 
in the wake were made using a seven-hole pressure probe.  The wake measurements were carried 
out in two vertical planes, one parallel to the approach flow, and one normal to the approach flow.  
The data obtained were compared with previous results obtained for finite square prisms and finite 
cylinders. 
For all aspect ratios, a symmetric counter-rotating pair of streamwise vortices representing 
the tip vortices is seen in the upper part of the wake at x/D = 10 for the orientation of α = 0°.  Also, 
small streamwise vorticity concentrations are seen at the outer edge of the wake close to the ground 
plane representing the horseshoe vortices. The base vortex structures were nearly absent for the 
square prism. The maximum length of the recirculation zone for a finite square prism is much 
higher than that of a finite cylinder.  With an increase in aspect ratio from AR = 5 to AR = 9, at α 
= 0°, the maximum length of the mean recirculation zone and the maximum downwash velocity 
increase.  On the other hand, the width of the wake and the minimum value of the streamwise 
velocity component decrease with an increase in aspect ratio. 
As α is varied from 0° to 45°, the mean wake shifts sideways in the direction of rotation of 
the prism, with the counterclockwise tip vortex moving higher above the ground plane and the 
clockwise tip vortex moving closer to the ground plane. The asymmetry in the wake is most 
pronounced at the critical incidence angle, which was between α = 10° and 15° in the experiments. 
The critical incidence angle corresponds to the smallest magnitude of the mean downwash velocity 
component, the largest value of the minimum mean streamwise velocity component, the maximum 
value of positive (counterclockwise) mean streamwise vorticity within the wake, and the minimum 
length of the mean recirculation zone.  These properties of the wake were generally consistent for 
all three aspect ratios. 
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NOMENCLATURE 
 
English Symbols 
AR  aspect ratio 
CD  mean drag force coefficient 
CL  mean lift force coefficient  
D  width of the prism [mm] 
d   projected width of prism [mm] 
FD  mean drag force [N] 
FL  mean lift force [N] 
f   vortex shedding frequency [Hz] 
H  height of the prism [mm] or boundary layer shape factor 
Lmax maximum length of the mean recirculation zone [mm] 
P0  stagnation pressure [Pa] 
P∞  freestream static pressure [kPa] 
q∞  freestream dynamic pressure [Pa] 
R   gas constant for air [J/(kg·K)] 
Re  Reynolds number based on the width of the prism 
Red  Reynolds number based on the projected width of the prism 
St  Strouhal number 
Std  Strouhal number based on the projected width of the prism 
Stw  Strouhal number based on prism width w 
Stw’  Strouhal number based on wake width w’ 
T∞  freestream temperature [°C] 
U∞  freestream velocity [m/s] 
u   streamwise mean velocity component [m/s] 
v   cross-stream mean velocity component [m/s] 
w   wall-normal mean velocity component [m/s] 
w’  wake width [mm] 
x   streamwise coordinate [mm] 
y   cross-stream coordinate [mm] 
 viii 
z   wall-normal coordinate [mm] 
 
Greek Symbols 
α   incidence angle [°] 
δ   boundary layer thickness [mm] 
θ   momentum thickness [mm] 
µ∞  freestream dynamic viscosity [N·s/m2] 
ν∞  freestream kinematic viscosity [m2/s] 
ρ∞  freestream fluid density [kg/m3] 
ωx  mean streamwise vorticity component [s-1] 
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 INTRODUCTION 
1.1 Bluff-Body Aerodynamics 
A body placed in a fluid flow experiences a drag force, which has two primary components: 
skin-friction drag and pressure drag. Skin-friction drag is formed as a result of friction between 
the fluid and the body. This results in the formation of boundary layers on the solid surfaces of the 
body. Skin-friction drag is strongly dependent on the Reynolds number. Skin-friction drag is 
important for attached flows or where no flow separation occurs and is a function of the surface 
area exposed to the flow. An aerofoil at low angle of attack is a good example of a streamlined 
body where the majority of the total drag force is contributed by the skin-friction drag. Pressure 
drag arises as a result of the pressure difference between the upstream and downstream sections of 
the body.  It results in the formation of a wake downstream of the body and is usually less sensitive 
to Reynolds number compared to the skin-friction drag.  Pressure drag is important for bodies 
associated with flow separation, such as bluff bodies, and is a function of the cross-sectional 
(frontal) area of the body.  Examples of simple bluff-body shapes include cylinders, prisms, 
spheres, and flat plates normal to the approaching flow.  At high Reynolds numbers, these bodies 
experience drag which is dominated by the pressure drag contribution.  Figure 1.1 shows a 
schematic of flow around a streamlined body and a bluff body. 
 
  
(a) (b) 
 
Figure 1.1: Schematic of flow around a (a) streamlined body (aerofoil) and (b) bluff body 
(rectangular prism). 
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Apart from aerospace applications and a majority of transport vehicles, many of the fixed 
structures found in engineering applications are bluff bodies. Some of the engineering applications 
of bluff bodies include buildings, bridges, chimneys, cooling towers, underwater structures, oil 
storage tanks, etc.  Thus, bluff body aerodynamics is an important research area in the field of 
wind engineering. 
The flow around simple, two-dimensional bluff bodies, such as slender cylinders (a 
cylinder is a body with a circular cross-section) and square prisms (a square prism is a body with 
a square cross-section), has received much attention in the engineering literature.  These slender 
bodies are often referred to as “infinite” cylinders and prisms since the body span is much greater 
than the width, and the effects of the ends of the body are minimal, allowing the flow to be 
considered two-dimensional.  However, in many of the engineering applications involving bluff 
bodies, the body is of finite height and flow around the ends of the body strongly influences the 
overall flow field.  The resulting flow field is three-dimensional.  Flow around surface-mounted, 
finite-height bluff bodies, such as finite cylinders and finite square prisms, is more relevant to 
many engineering applications, such as the flow around buildings, chimneys, cooling towers, oil 
storage tanks, and electronic components on circuit boards.  Despite its relevance to these 
applications, however, the flow around surface-mounted, finite-height bluff bodies has been less 
extensively studied compared to the flow around two-dimensional, “infinite” cylinders and prisms. 
In the present thesis research, the flow around a surface-mounted, finite-height square 
prism is investigated; a schematic is shown Figure 1.2. The flow field is influenced by many 
parameters such as the prism’s aspect ratio (AR = H/D, where H is the height of the prism and D 
is its width), incidence angle (α), Reynolds number (Re), and the relative thickness of the boundary 
layer on the surface or ground plane (δ/D).  Here, the Reynolds number is based on the width of 
the prism, and is defined as Re = U∞D/ν∞, where U∞ is the freestream velocity outside the boundary 
layer on the ground plane and ν∞ is freestream kinematic viscosity.  Few published studies of the 
flow around surface-mounted finite-height square prisms have systematically examined the effects 
of AR and α, and the present thesis research aims to address this gap in the literature.  One recent 
but very preliminary study on the finite square prism by Ogunremi and Sumner (2015a) focused 
on the effects of incidence angle on the wake of a finite square prism of AR = 3, and the present 
thesis research may be considered a continuation or extension of this study, but for prisms of higher 
aspect ratio. 
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1.2 Objectives 
The thesis research is focused on an experimental study of the flow around surface-
mounted, finite-height square prisms. Of particular interest is the mean wake of the finite prism 
and how it is influenced by changes in incidence angle (α) and aspect ratio (AR).  Wind tunnel 
experiments were conducted at Re = 3.7×104 for finite square prisms of AR = 9, 7, and 5 and for 
incidence angles ranging from α = 0° to 45°.  These aspect ratios were chosen to ensure that at 
least one prism was below the critical aspect ratio and to enable comparison with previous studies 
(Sumner et al., 2004; Rostamy et al., 2012; McClean and Sumner, 2014; Ogunremi and Sumner, 
2015a,b). The main objectives of the research are the following: 
 
1. To measure the mean velocity field in vertical planes (normal to and parallel to the main flow 
direction) in the wake of finite square prisms of aspect ratios AR = 9, 7 and 5 using a seven-
hole pressure probe, for incidence angles from α = 0° to 45°; 
 
Figure 1.2: Schematic of flow around a surface-mounted, finite-height square prism, which is the
subject of the present thesis research, where x is the streamwise coordinate direction, y is the cross-
stream coordinate direction, z is the wall-normal (vertical) coordinate direction, u is the streamwise 
velocity component, v is the cross-stream velocity component, w is the wall-normal (vertical) 
velocity component, and U(z) is the mean velocity profile of the boundary layer. Figure created 
by D. Sumner (used with permission). 
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2. Using the above measurements, to investigate the effects of incidence angle (α) and aspect 
ratio (AR) on the mean wake, including the mean recirculation zone and the mean streamwise 
vortex structures; 
3. To compare the mean wake of a finite square prism with that of a finite cylinder, using finite-
cylinder results from the literature; and 
4. To identify the mean wake flow pattern associated with the critical incidence angle of the finite 
square prism. 
 
1.3 Outline of the Thesis 
The thesis is divided into six chapters.  Chapter 2 gives a review of previous research and 
background information on the flow around infinite and finite square prisms. The apparatus, 
instrumentation and experimental conditions used for the present research are described in Chapter 
3.  Chapters 4 and 5 are devoted towards the results and discussion of the present research.  Chapter 
4 focuses on the aspect ratio effects for the flow around the finite square prism at zero incidence 
angle (α = 0°).  The incidence angle effects on the flow around finite square prisms, for α = 0° to 
45°, are then discussed in Chapter 5.  A summary along with conclusions and recommendations 
for future work, are presented in Chapter 6.  Appendix A contains permissions from publishers to 
reproduce some figures in the thesis. 
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 LITERATURE REVIEW 
2.1 Introduction 
In this chapter, a brief review of the literature is presented.  The chapter is divided into two 
main sections: Section 2.2 summarizes the literature for the flow around an infinite (two-
dimensional) square prism, and Section 2.3 summarizes the literature for the flow around a surface-
mounted finite-height square prism. 
 
2.2 Flow Around an Infinite Square Prism 
The flow around an infinite or two-dimensional square prism (Figure 2.1) is of considerable 
importance because of the occurrence of prism-like structures in engineering applications.  The 
body can be considered “infinite” and the flow can be considered “two-dimensional” when the end 
effects of the square prism can be neglected, i.e., its span or height (H) greatly exceeds its width 
(D). 
Even though flow past an infinite square prism resembles that of flow past an infinite 
cylinder in many respects, such as the occurrence of vortex shedding in the wake, the flow 
separation and properties such as lift coefficient, drag coefficient, wake size and Strouhal number 
(dimensionless vortex shedding frequency) differ from those of the cylinder.  Unlike the cylinder, 
the square prism has fixed separation points at the leading edge corners or trailing edge corners, 
depending on the Reynolds number (Dutta et al., 2008).  For an infinite square prism at zero-
incidence angle (α = 0°), separation occurs at the upstream corners for Re ≥ 175 but occurs at the 
downstream corners for Re ≤ 100 (Sohankar et al., 1997).  
The majority of the past studies of the flow around an infinite square prism were focused 
on aerodynamic forces (lift and drag), vortex shedding frequencies, and the time-average and 
instantaneous wake (Huang et al., 2010).  As a result of the fixed separation points at the front of 
the prism, the mean drag force coefficient, CD (= FD/(q∞DH), where FD is the mean drag force and 
q∞ is the freestream dynamic pressure), is relatively insensitive to Reynolds number at zero 
incidence angle.  Also, studies in the past have revealed that the prism’s Strouhal number (St = 
fD/U∞, where f is the vortex shedding frequency) is insensitive to Reynolds number ranging from 
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Re = 104 to 105 (McClean and Sumner, 2014).  Figure 2.1 shows a schematic of flow over an 
infinite square prism where D is side length or width of the prism and α is the incidence angle.  
As the prism is rotated there is a change in the projected dimension normal to the flow and 
the relative positions of the four corner edges of the prism. The resulting changes in flow behaviour 
with incidence include the shear layer differences originating from the two sides of the prism, the 
chance of reattachment of flow on the lower side of the prism and changes in the wake width, 
vortex formation length, and location of shear layer rollup (McClean and Sumner, 2014). These 
changes can be analyzed by measuring the mean aerodynamic forces, expressed as the mean drag 
coefficient, CD, and the mean lift coefficient, CL (defined similar to CD), and the Strouhal number, 
St.  Thus, the wake of a square prism is highly sensitive to its orientation with respect to the 
incoming flow.  
In the literature, the majority of the experiments were carried out for flow around an infinite 
square prism at α = 0°, where one of the faces of the prism is normal to the approaching flow.  
Some researchers have focused on the effects of incidence angle for infinite square prisms for 
incidence angles ranging from α = 0° to 45°.  Within this range of angles, there exists a “critical 
incidence angle” at which minimum wake width occurs (Huang et al., 2010). The critical incidence 
angle also coincides with the minimum value of CD, the maximum negative value of CL (from 
Figure 2.1, negative values of the lift force are in the −y direction), and the maximum value of St.  
The critical incidence angle lies between α = 10° and 30° depending on the experimental conditions 
(McClean and Sumner, 2014). 
 
 
Figure 2.1: Schematic of the flow around a two-dimensional (infinite) square prism of side length 
or width, D, where x is the streamwise coordinate direction, y is the cross-stream coordinate 
direction, α is the incidence angle, and U∞ is the freestream velocity.  Figure created by D. Sumner
(used with permission). 
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There have been several important experimental and numerical studies of the flow around 
an infinite square prism that have looked at incidence angle effects, and some of these studies are 
summarized below. 
Obasaju (1979) studied the flow around a square prism for α = 0° to 45° at Re = 1×104 and 
identified a critical incidence angle of α = 13.5° where the maximum St occurred.  Igarashi (1984) 
studied the flow characteristics over a larger range of Reynolds numbers, from Re = 3.85×103 to 
7.7×104, and classified the flow patterns into four regimes based on the prism orientation; these 
flow patterns are presented later in Chapter 2.  Norberg (1993) studied flow around square and 
rectangular prisms at incidence over an even wider range of Reynolds number, from Re = 400 to 
3×104, using hot-wire anemometry to measure the vortex shedding frequencies.  Sohankar et al. 
(1997) performed numerical simulations of flow past a square prism for low Reynolds numbers 
and a range of α, and identified the onset of vortex shedding occurs within a critical Reynolds 
number range of Re = 40 to 55.  Dutta et al. (2003) studied the sensitivity of the wake behind a 
square prism for α = 0° to 45° for Re = 1,340, 4,990 and 9,980, using flow visualization 
experiments and through measurements of CD, St and wake velocity fluctuations. 
Lindquist and Vieira (2010) studied the relationship between St and α for α = 0° to 45°. 
Their experiments were conducted at relatively low Reynolds numbers compared to many other 
studies.  Their work revealed that the maximum Strouhal number was obtained at a critical angle 
of incidence between 10° and 15° for a Reynolds number range between 100 and 1,000.  Ozgoren 
(2006) studied the flow characteristics of a square prism using particle image velocimetry (PIV), 
also for relatively low Reynolds numbers, ranging between 550 to 3,400 for two orientations of α 
= 0° and 45°. 
 Dutta et al. (2008) investigated the flow around an infinite square prism experimentally 
using PIV, hot-wire anemometry and flow visualization at Re = 410 for different prism orientations 
(α = 0°, 22.5°, 30° and 45°).  Van Oudheusden et al. (2008) also used PIV to study the flow around 
a square prism at incidence, for α = 0°, 5°, 10° and 15° and Reynolds numbers of 4×103, 1×104 
and 2×104. 
Huang et al. (2010) studied the flow characteristics around a square prism and their 
influence on wake properties at Reynolds number between 3.9×104 and 9.4×104.  The vortex 
shedding characteristics were measured by a single-wire hot-wire anemometer for Reynolds 
numbers between 5×103 and 1.2×105.  A critical incidence angle of α = 15° was found to divide 
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the subcritical regime (i.e., for incidence angles below the critical incidence angle) and 
supercritical regime (i.e., for incidence angles above the critical incidence angle) with the 
occurrence of maximum Strouhal number. Yen and Yang (2012) investigated the effects of 
Reynolds number and incidence angle for the square prism flow fields at different turbulence 
intensities. The Reynolds number for their study ranged from 3×104 to 1×105.  Flow fields were 
visualized using the surface oil flow visualization method.  
 
 Experimental and Numerical Approaches 
Throughout the literature, researchers of the flow around an infinite square prism have used 
different techniques and instruments for their experiments. Vortex shedding frequencies have been 
recorded using hot-wire anemometry (e.g., Norberg (1993), Saha et al. (2000), Dutta et al. (2003), 
Hu et al. (2006), Dutta et al. (2008), Huang et al. (2010), Yen and Yang (2012)). Flow visualization 
techniques commonly used have included smoke visualization (e.g., Igarashi (1984), Dutta et al. 
(2003), Huang et al. (2010)), the surface oil flow technique (e.g., Huang et al. (2010), Yen and 
Yang (2012)), liquid dye injection (e.g., Lindquist and Vieira (2010)), laser-induced fluorescence 
(LIF) visualization (e.g., Luo et al. (2003)), PIV (e.g., van Oudheusden et al. (2005), Hu et al. 
(2006), Ozgoren (2006), Kurtulus et al. (2007), Dutta et al. (2008), van Oudheusden et al. (2008), 
Yen and Yang (2011)), and laser Doppler anemometry (LDA) (e.g., Lyn et al. (1995), Hu et al. 
(2006)).  Numerical simulations of the flow around an infinite square prism have used direct 
numerical simulation (DNS) (e.g, Sau et al. (2003)) and large eddy simulation (LES) (e.g., Lee 
(1998), Oka and Ishihara (2009)). 
 
 Flow Visualization 
To understand the nature of the flow field and vortex shedding characteristics, several 
researchers have carried out flow visualization experiments at different incidence angles for a 
variety of Reynolds numbers.  Igarashi (1984) studied flow around an infinite square prism using 
a smoke wind tunnel at Re = 1.1×104 for α = 0° to 45°.  Similar studies were done by Huang et al. 
(2010) and Yen and Yang (2011).  Dutta et al. (2004) visualized the wake of an infinite square 
prism at Re = 275 using a light sheet of a pulsed laser.  Smoke visualization experiments carried 
out by Dutta et al. (2003) for higher Reynolds numbers showed similar flow separation patterns as 
that of lower Reynolds number flow. Huang et al. (2010) employed both smoke wire and surface 
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oil flow visualization to visualize both instantaneous and time-averaged flow patterns at Re = 
2×104. In their study, the smoke-wire flow visualization technique was employed to visualize 
“instantaneous” flow patterns, while the surface-oil flow visualization method was used to study 
the time-averaged flow behaviour close to surface of the square prism. 
Lindquist and Vieira (2010) carried out flow visualization experiments for an infinite 
square prism for a Reynolds numbers up to 1000 for α = 0° to 45°.  A liquid dye injection flow 
visualization technique was employed. The mechanism of shear layer detachment and 
reattachment was clearly observed in their flow visualization images. At α = 0°, the boundary 
layers detach from either side of the leading edges forming the von Kármán vortex street. As the 
incidence angle becomes greater than 0°, the left shear boundary layer detachment occurs at the 
trailing edge of the square prism, thereby changing the wake structure.  It was observed that at an 
angle of α = 12.5°, the wake width shows minimum value. The two shear layers strongly interact 
with each other due to the smaller wake width, which results in high vortex shedding frequency.  
This angle, of α = 12.5°, corresponds to the critical incidence angle. 
 
 Mean Flow Patterns 
From the flow visualization experiments carried out in the past, researchers proposed 
various flow patterns for the flow over an infinite square prism.  Basically the flow patterns for an 
infinite square prism are classified into two overall types based on the prism orientation: perfect 
separation type and reattachment flow, where the boundary between the two flow patterns is the 
critical incidence angle.  From the flow visualization experiments done by Igarashi (1984), four 
main flow patterns based on the incidence angle were identified (Figure 2.2), for Reynolds 
numbers ranging from Re = 3.85×103 to 7.7×104: 
 
1. The “perfect separation (symmetric)” flow pattern at low incidence angles (0° ≤ α ≤ 5°) (Figure 
2.2a); 
2. The “perfect separation type (asymmetric)” at incidence angles up to the critical incidence 
angle (5° ≤ α ≤ 13°) (Figure 2.2b); 
3. The “reattachment flow type” flow pattern for incidence angles ranging from 14° to 15° ≤ α ≤ 
35° (Figure 2.2c); and 
4. The “wedge flow type” flow pattern at high incidence angles (35° ≤ α ≤ 45°) (Figure 2.2d). 
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Mean streamline patterns from the numerical study by Oka and Ishihara (2009) for flow 
around an infinite square prism are shown in Figure 2.3.  A perfect separation (symmetric) type 
flow is observed at α = 0° (Figure 2.3a) with no flow reattachment.  Two large vortices are formed 
in the wake.  At α = 14° (Figure 2.3b), reattachment of separated flow occurs at the lower face 
trailing edge of the square prism.  A single large vortex is formed.  The reattachment of the flow 
is more clear at α = 20° (Figure 2.3c) with the formation of a single large vortex in the wake region. 
The separation bubble area becomes smaller compared to that at α = 14°. The wedge flow type 
pattern is seen at α = 45° (Figure 2.3d). 
Huang et al. (2010) classified the flow topology (streamline patterns) into three regimes: 
the subcritical, supercritical and wedge flow as shown in Figure 2.4.  The subcritical flow lies 
between 0° ≤ α ≤ 15° where the boundary layer separates from the leading edge of the prism and 
does not reattach to the surface.  There exist small “dual-ring bubbles” on the separated boundary 
layer region on the leading edges of the lateral faces.  The reattachment of the separated boundary 
layer occurs in the supercritical regime which lies between 15° ≤ α ≤ 45° with the formation of a 
recirculation bubble.  The separated boundary layer on the lateral surface never reattaches to the 
surface and forms a wide recirculation bubble on the rear part of the surface.  A symmetric wedge 
flow is observed for an incidence angle of 45° on both surfaces on the prism. 
 Yen and Yang (2012) classified the boundary layer flow modes by varying Re, α, and the 
turbulence intensity.  At low turbulence intensity, α contributes the major factor to control 
 
 
Figure 2.2: Examples of the main flow patterns for an infinite square prism: (a) “perfect separation
(symmetric)” flow pattern (b) “perfect separation type (asymmetric)” flow pattern (c)
“reattachment flow type” flow pattern (d) “wedge flow type” flow pattern. Figure created by D. 
Sumner (used with permission). 
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boundary layer flow modes when α lies between 0° and 60°.  The separation bubble mode lies in 
the range 0° ≤ α ≤ 23°; the separation mode lies in the range 23° ≤ α ≤ 34°; the leading edge 
separation mode exists for 34° ≤ α ≤ 43°, and the boundary layer attached mode exists for α ≥ 43°. 
When the turbulence intensity was increased to 0.70% and 0.78%, five boundary layer flow modes 
(instead of four) were obtained: “leading-edge bubble, separation bubble, separation, leading-edge 
separation, and boundary layer attached” (Yen and Yang, 2012). 
 
 Mean Lift Force Coefficient 
The mean lift coefficient strongly depends on the prism’s orientation (Figure 2.5).  The 
mean lift coefficient is zero when the prism is at α = 0° but becomes negative (in the –y direction, 
see Figure 2.1) with an increase in incidence angle.  It reaches a minimum value (most negative 
value) at around α = 12.5° (depending on the study) which corresponds to the critical incidence 
angle.  The minimum (most negative) lift coefficient occurs in the separation bubble mode (Yen 
and Yang, 2012).  On further increasing the incidence angle, the lift coefficient increases (becomes 
less negative) and becomes positive at around α = 27.5°; it remains positive until α = 45° when it 
 
 
Figure 2.3: Variation of mean streamlines with angles of attack, from Oka and Ishihara (2009): 
(a) α = 0°; (b) α = 14°; (c) α = 20°; (d) α = 45°. Reprinted from Journal of Wind Engineering and
Industrial Aerodynamics, Vol. 97, Oka, S. and Ishihara, T., Numerical study of aerodynamic
characteristics of a square prism in a uniform flow, pp. 548-559, 2009, with permission from
Elsevier. 
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returns to the zero lift value.  This α region corresponds to the attached mode (McClean and 
Sumner, 2014). 
 
 Mean Drag Force Coefficient 
Saha et al. (2000) reported the near constancy of the mean drag coefficient, CD, with 
Reynolds number at zero incidence angle.  This is because of the fixed separation points at the 
sharp corners of the square prism.  Dutta et al. (2003) carried out time-averaged drag coefficient 
 
Figure 2.4: Two-dimensional topological flow patterns around an infinite square prism, from
Huang et al. (2010). Reprinted from Journal of Fluids and Structures, Vol. 26, Huang, R.F., Lin, 
B.H., and Yen, S.C., Time-averaged topological flow patterns and their influence on vortex
shedding of a square cylinder in crossflow at incidence, pp. 406-429, 2010, with permission from 
Elsevier. 
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measurements for an infinite square prism for three Reynolds numbers (1,340, 4,990 and 9,980). 
The drag coefficients obtained for the highest Reynolds number (Re = 9,980) and lowest Reynolds 
number (Re = 1,340) were CD = 2.21 and 2.27, illustrating the high value of drag coefficient for 
the square prism compared to a cylinder.  
The behaviour of the mean drag coefficient with incidence angle is shown in Figure 2.6. 
With an increase in incidence angle, the drag coefficient drops to a minimum value of CD = 1.4 at 
around α = 13° which is around the critical incidence angle for Re = 5.6×104.  After α = 15°, there 
is an increase in drag coefficient with α; it reaches the maximum value of CD = 2.7 at the 45° 
configuration for Re = 5.6×104.  
 
 Strouhal Number 
The vortex shedding frequency in the wake behind a square prism is normalized to give a 
non-dimensional parameter known as Strouhal number (St). Numerous experiments and numerical 
simulations have been carried out in the past on flow over an infinite square prism to study the 
effects of α and Re on the Strouhal number.  Some correlations between Strouhal number and 
incidence angle as well as Strouhal number and Reynolds number are shown in Figures 2.7 and 
2.8. 
 
Figure 2.5: Variation of the mean lift coefficient against incidence angle for an infinite square
prism. 
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In Figure 2.7, the projected width d of the square prism was used as a length scale for the 
Strouhal number (Std).   Figure 2.7a shows that Std increases with an increase in α from Std = 0.13 
at α = 0° to a maximum value of Std = 0.2 at α = 15° then decreases a little bit and gradually goes 
to Std = 0.18 for α = 30° to 45°.  The results in Figure 2.7a show that the Strouhal number attains 
a local maximum at the critical incidence angle (Huang et al., 2010), with a small Reynolds number 
sensitivity (Figure 2.7b).  In Figure 2.8, where St is made dimensionless with the width of the 
prism, D, the critical incidence angle for the maximum St occurs near α = 15°.  The data in Figures 
2.7 and 2.8 are for Reynolds numbers of the order of 104.  
Sohankar et al. (1997) carried out numerical simulations on flow around an infinite-square 
prism to study the effects of incidence angle on the Strouhal number at low Reynolds numbers (Re 
≤ 200).  It was observed that as the incidence angle is increased from α = 0°, there is an increase 
in Strouhal number. At a critical incidence angle between α = 6° and 10°, the St value reached its 
maximum. The critical incidence angle range for their work was much lower than reported 
elsewhere (such as for higher Re, as shown in Figures 2.7 and 2.8).  This can suggest a possible 
Reynolds number dependence on the critical incidence angle for low Reynolds number range 
flows. 
Dutta et al. (2004) carried out an experimental analysis under a similar low Reynolds 
number range (Re ≤ 200) and compared their results with the work of Sohankar et al. (1997).  They 
Figure 2.6: Variation of the mean drag coefficient against incidence angle for an infinite square
prism. 
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identified a critical incidence angle of α = 22.5°, which was much higher than the low Re 
simulation results of Sohankar et al. (1997) and the high Re experimental results shown in Figures 
2.7 and 2.8.  The Strouhal number obtained at low Reynolds number (Re ≤ 200) was in the range 
of St = 0.126 to 0.154 and at higher Reynolds number in the range of St = 0.141 to 0.143.  Dutta 
et al. (2008) also investigated the flow around an infinite square prism using PIV for two aspect 
ratios (AR = 16 and 28) at Re = 410.  A similar trend in Strouhal number data was obtained with 
the maximum St at α = 22.5°.  These low Re simulations and experiments suggest a Re dependence 
for the critical incidence angle. 
The Strouhal number variation with increase in incidence angle is related to an increase in 
the projected dimension of the cylinder with respect to incoming flow.  The width between the two 
shear layers directly influences the vortex shedding frequency.  Therefore an increase in incidence 
angle increases the distance between the two free shear layers and results in reduced interaction 
between them resulting in a drop in Strouhal number.  This happens when α is beyond the critical 
incidence angle.  Also, there is a possibility that the separating shear layer from one side draws the 
neighbouring vortex from the opposite shear towards it, leading to an increase in Strouhal number. 
Thus a maximum St value occurs at a critical incidence angle due to the combined effect of 
  
 
Figure 2.7: Strouhal number based on the projected width (d) of the infinite square prism (Std), 
from Huang et al. (2010): (a) variation with incidence angle, (b) variation with Reynolds number
based on the width (D) (designated as Rew above). Reprinted from Journal of Fluids and Structures,
Vol. 26, Huang, R.F., Lin, B.H., and Yen, S.C., Time-averaged topological flow patterns and their
influence on vortex shedding of a square cylinder in crossflow at incidence, pp. 406-429, 2010, 
with permission from Elsevier. 
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increased projected dimension and shorter vortex rollup distance (Dutta et al., 2008).  It is noted 
that the variation in Strouhal number data from one experiment to another is greater compared to 
the variation in the drag coefficient data. 
 
2.3 Flow Around a Finite Square Prism 
There are fewer studies in the literature on the flow over a surface-mounted finite-height 
square prism compared to an infinite square prism.  The flow around a finite square prism depends 
on many factors such as AR, α, δ/D, and Re.  A schematic of the flow field was presented earlier 
in Figure 1.2. 
One of the earliest studies of flow over sharp-edged finite-height bluff bodies was done by 
Baines (1963).  His study was focused on the pressure distribution and wind loads acting on 
buildings, including a finite square prism of AR = 8.  He clearly identified the flow patterns on 
these bodies from pressure distribution data.   
Sarode et al. (1981), Sakamoto and Arie (1983), Sakamoto and Oiwake (1984), Sakamoto 
(1985), Sattari et al. (2010), and McClean and Sumner (2014) focused on the study of aspect ratio 
effects on the forces and vortex shedding for a finite square prism. The aspect ratio of the square 
prism ranged from AR = 0.5 to 11 in these studies. 
Figure 2.8: Variation of the Strouhal number against incidence angle for an infinite square prism.
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Rostamy et al. (2012) carried out PIV velocity field measurements for square prisms of AR 
= 3, 5, 7 and 9.  Their study was focused on the end effects of the square prism on the mean flow 
pattern. Other PIV studies were conducted by Wang and Zhou (2009), who proposed a three-
dimensional flow model for a finite square prism (based on prisms of AR = 3 to 7), which was 
distinct from previously proposed models, and Bourgeois et al. (2011), who studied the phase-
averaged vortex structures in the wake of a finite-height square prism of AR = 4.  
Boundary layer thickness (δ/D) effects were studied by Sakamoto and Arie (1983), 
Sakamoto and Oiwake (1984) and Sakamoto (1985), but were limited to lower aspect ratios (AR 
= 1 to 5).  Sakamoto (1985) measured mean aerodynamic force coefficients and Strouhal numbers 
for prisms of AR = 1 to 5 at Re = 3.3×104 to 1.65×105.  The incidence angle was varied from α = 
0° to 45° with an increment of 2.5°. 
Most of the studies of a finite square prism have been focused on an incidence angle of α 
= 0°.  The few studies which have considered the effects of incidence angle include work done by 
Sarode et al. (1981), Sakamoto (1985), McClean and Sumner (2014) and Ogunremi and Sumner 
(2015a).  Sarode et al. (1981) measured the mean aerodynamic force coefficients for a surface-
mounted finite square prisms of AR = 1.14 to 10 at Re = 2.2×104.  The incidence angle was varied 
from α = 0° to 45°.  It was observed that aspect ratio and incidence angle have significant effects 
on the mean lift coefficient. The incidence angle effects on the mean drag coefficient were 
prominent for only high aspect ratio square prisms. 
McClean and Sumner (2014) studied the mean aerodynamic forces and vortex shedding 
for finite square prisms of AR = 3, 5, 7, 9 and 11 at Re = 7.3×104.  The relative boundary layer 
thickness on the ground plane was δ/D = 1.5 for an incidence angle ranging from α = 0° to 45°. 
The mean drag coefficient and Strouhal number for the finite prism were less sensitive to changes 
in incidence angle than that of infinite square prisms. The critical incidence angle, corresponding 
to minimum mean drag coefficient, minimum mean lift coefficient and maximum Strouhal 
number, was found to be in the range of α = 15° to 18°.  The critical aspect ratio was found to be 
between AR = 3 and AR = 5. It was observed that the wake for prisms less than this critical aspect 
ratio showed an absence of, or significantly weakened, Kármán vortex shedding. 
The recent study by Ogunremi and Sumner (2015a) focused on the wake region of a 
surface-mounted finite-height square prism of AR = 3 at Re = 3.7×104.  The ratio of the boundary 
layer thickness on the ground plane to the width of the prism was δ/D = 1.5.  The incidence angle 
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varied from α = 0° to 45°.  In these experiments, a seven-hole pressure probe was used to measure 
the mean velocity and vorticity fields in the wake.  A similar experimental set-up and measurement 
instrumentation will be used in the present thesis research project. 
 
 Experimental and Numerical Approaches 
Throughout the literature, researchers have used different techniques and instruments for 
their study of the flow around surface-mounted finite-height square prisms.  The experimental 
studies were carried out in a wind tunnel or water tunnel depending on the experimental 
requirements. Vortex shedding frequencies were recorded using hot-wire anemometry (e.g., Wang 
and Zhou (2009), McClean and Sumner (2014)).  PIV has been used by Wang et al. (2006), Wang 
and Zhou (2009), Sattari et al. (2010, 2012), Bourgeois et al. (2011, 2012), Rostamy et al. (2012), 
Hosseini et al. (2013), and El Hassan et al. (2015).  Numerical simulations of the flow include 
direct numerical simulation (DNS) (e.g., Sau et al. (2003)) and large eddy simulation (LES) (e.g., 
Einian et al. (2009, 2010, 2011). 
 
 Flow Visualization 
To understand the nature of flow and vortex shedding characteristics, it is important to 
conduct flow visualization experiments under different flow conditions. Flow visualization 
experiments by Wang and Zhou (2009), carried out at heights of z/D = 3.5 and 1 (as measured 
from the ground plane) for a finite square prism of AR = 7 identified the formation of both 
antisymmetric and symmetrical spanwise vortices. 
 
 Mean Flow Structure   
To understand the flow behavior of a finite square prism, it is often important to identify 
the mean velocity vectors and streamlines of flow in different planes. In the past, the measurements 
were taken in planes because of the limitations of making three-dimensional instantaneous 
measurements. Wang and Zhou (2009) carried out PIV measurements in multiple horizontal and 
vertical planes.  Rostamy et al. (2012) carried out PIV velocity field measurements for square 
prisms of AR = 3, 5, 7 and 9.  These experiments were carried out at a Reynolds number of Re = 
4.2×104 for three vertical planes parallel to the mean flow direction at y/D = 0.  Ogunremi and 
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Sumner (2015a) performed time-averaged measurements with a seven-hole pressure probe in both 
vertical and horizontal planes; the same approach is used for the current research.  
Figure 2.9 shows an example of the mean flow streamlines in a vertical plane along the 
plane of symmetry, y/D = 0.  A part of the flow, which separates at the leading edge of the prism, 
does not reattach at the tip of the prism. A strong “downwash” flow (downward-directed flow 
velocity) occurs immediately downstream of the free end of the prism in the near wake. The 
downwash flow is directed towards the ground and returns upstream to stagnate at the rear part of 
the prism.  Also, a portion of the approaching flow closer to the prism-wall junction is directed 
towards the ground and returns upstream.  The interaction between the downstream and upstream 
flow creates a region of flow known as a recirculation zone (Rostamy et al., 2012). 
Measurements in the horizontal plane (x-y) give a clear idea about the extension of 
recirculation zone.  Figure 2.10 shows the mid-height (z/H = 0.5) recirculation zone for a prism of 
AR = 4 in the x-y plane.  A symmetric pair of counter-rotating vortices is seen on either side of the 
prism. 
 
 
Figure 2.9: Mean streamlines and velocity vectors on the symmetry plane, y/D = 0 for a finite 
square prism of AR = 4, from Bourgeois et al. (2011).  Note that in this figure, lowercase d is the 
width of the prism. Reprinted from Physics of Fluids, Vol. 23, Bourgeois, J.A., Sattari, P., and
Martinuzzi, R.J., Alternate half-loop shedding in the turbulent wake of a finite surface-mounted 
square cylinder with a thin boundary layer, 095101 (15 pp.), 2011, with the permission of AIP 
Publishing. 
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Velocity vector measurements in the y-z plane give a good understanding about formation 
of vortices in the wake region.  Figure 2.11 shows the mean velocity vectors of a finite square 
prism of AR = 4 at x/D = 5. A pair of symmetric counter-rotating vortices is seen at the mid-height 
region. These are the tip vortices, which originate from the free end of the square prism. The effect 
of “upwash” flow (upward-directed flow velocity) is much less compared to that of downwash 
flow.  
 
 Physical Model of the Flow  
Based on the flow visualization and mean streamwise measurements, various models for 
the flow around a finite square prism were proposed.  A model proposed by Wang and Zhou (2009) 
was based on the arch-type symmetric vortex structure behind a finite square prism.  The 
experiments were carried out in the near wake of finite-height square prisms of AR = 3 to 7 at Re 
= 9300.  Figure 2.12 presents the flow structure of a finite square prism with spanwise vortices 
 
 
Figure 2.10: Mean sectional streamlines and velocity vectors showing the recirculation zone at
z/H = 0.5, for a finite square prism of AR = 4, from Bourgeois et al. (2011).  Note that in this 
figure, lowercase d is the width of the prism. Reprinted from Physics of Fluids, Vol. 23, Bourgeois, 
J.A., Sattari, P., and Martinuzzi, R.J., Alternate half-loop shedding in the turbulent wake of a finite
surface-mounted square cylinder with a thin boundary layer, 095101 (15 pp.), 2011, with the 
permission of AIP Publishing. 
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symmetrically arranged.  In this model, spanwise vortices from both sides of the prism are 
connected with each other near the free end to form an arch-type vortex.  This arch-type vortex 
structure consists of two legs within the wall boundary layer and join each other near the prism’s 
free end. Under the influence of the free-end downwash flow and boundary layer over the wall, 
both the upper and lower parts of the arch-type structures are inclined upstream. For a prism whose 
aspect ratio is greater than critical aspect ratio, vortex shedding changes from symmetrical arch-
type to antisymmetric Kármán type. 
Figure 2.13 shows another schematic of the flow around a surface-mounted finite-height 
square prism whose aspect ratio is greater than the critical aspect ratio, from McClean and Sumner 
(2014).  The model shows two pairs of time-averaged counter-rotating streamwise vortex pairs in 
the wake: the tip vortex pair in the upper part of the wake and the base vortex pair in the lower 
part of the wake.  The tip vortex pair is responsible for downwash (downward-directed velocity) 
on the wake centerline in the upper part of the wake.  The base vortex pair is responsible for 
upwash (upward-directed velocity) on the wake centerline close to the ground plane.  The prism 
is sufficiently slender to allow periodic, alternating Kármán vortex shedding to occur from the 
 
 
Figure 2.11: Mean velocity vectors (from reconstructed three-dimensional velocity field) at
x/D = 5, for a finite square prism of AR = 4, from Bourgeois et al. (2011). Note that in this figure, 
lowercase d is the width of the prism. Reprinted from Physics of Fluids, Vol. 23, Bourgeois, J.A., 
Sattari, P., and Martinuzzi, R.J., Alternate half-loop shedding in the turbulent wake of a finite
surface-mounted square cylinder with a thin boundary layer, 095101 (15 pp.), 2011, with the 
permission of AIP Publishing. 
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sides of the prism.  A horseshoe vortex forms upstream of the prism on the ground plane, as the 
boundary layer interacts with the prism.  Flow separates from the leading edge corners of the sides 
and free end of the prism.  Above the free end, within the region of separated flow, there is weakly 
recirculating flow.  
 
 Effect of Aspect Ratio on the Mean Flow Pattern 
The key feature of a finite square prism that differentiates it from an infinite square prism 
is the flow separation from the top leading edge (the free end) of the prism and its influence on the 
flow in the immediate wake region behind the prism. Rostamy et al. (2012) carried out PIV velocity 
measurements for finite square prisms of AR = 3, 5, 7 and 9 for Re = 4.3×104. They clearly 
identified the effects of aspect ratio on the reverse flow and its interaction with the separated flow 
and the overall flow behavior for a finite-square prism. 
Figure 2.14 shows the flow patterns of finite square prisms of different aspect ratios. For 
all aspect ratios, it is evident that no reattachment of flow occurs at the free end of the prism. A 
part of the flow separated from the top becomes attached at the rear side of the prism. A very strong 
downwash flow can be clearly identified for all the aspect ratio prisms. A majority of the 
downwash flow in the recirculation zone interacts with the upwash flow and reattaches to the back 
 
 
Figure 2.12: Model of the flow structure around a surface-mounted finite-height square prism, 
from Wang and Zhou (2009).  Reprinted from Journal of Fluid Mechanics, Vol. 638, Wang, H.F., 
and Zhou, Y., The finite-length square cylinder near wake, pp. 453-490, 2009, with the permission 
of Cambridge University Press. 
 
 
 23 
of the prism. There exists a saddle point where the velocity of the flow becomes zero. The saddle 
point represent the point of intersection of the upwash and downwash flow. 
Another difference is the presence of a vortex behind the prism close to the ground plane, 
which is observed for the more slender prisms of AR = 7 and 9 (Figures 2.14a,b) but is weaker or 
nearly absent for AR = 5 and 3 (Figures 2.14c,d).  The distinct flow behavior for AR = 3 (Figure 
2.14d) suggests that a critical aspect ratio lies between AR = 3 and AR = 5 for their experimental 
conditions, below which the wake has a different structure.  
 
 Effect of Incidence Angle on Mean Flow Pattern 
For a square prism, as the incidence angle (α) is increased from 0° to 45°, changes occur 
in the mean drag coefficient, mean lift coefficient and Strouhal number. These changes are 
associated with the change in the mean flow patterns about the prism.  As discussed earlier in this 
chapter, few studies have focused on the incidence-angle effects of the finite square prism (e.g., 
 
 
Figure 2.13: Schematic of the flow around a surface-mounted finite-height square prism partially
immersed in a flat-plate boundary layer at zero incidence angle, with an aspect ratio greater than
critical aspect ratio, from McClean and Sumner (2014). Figure created by D. Sumner (used with
permission). 
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Sarode at al. (1981), Sakamoto (1985), McClean and Sumner (2014), Ogunremi and Sumner 
(2015a)); rather, most studies have been carried out at α = 0°. 
Okuda and Taniike (1993) studied the effect of incidence angle (α = 0° to 45°) and 
boundary layer thickness (δ/H ˂ 1 and δ/H ˃ 1) on the pressure distribution and flow field around 
a surface-mounted finite square prism of AR = 4.  This is one of the few studies to consider 
incidence angle effects on the flow field. 
Ogunremi and Sumner (2015a) studied the effect of incidence angle on the mean wake of 
a finite square prism of AR = 3. Wake velocity measurements were carried out in two vertical 
 
 
Figure 2.14: Mean streamlines in a vertical plane on the wake centerline (y/D = 0, the symmetry 
plane) for finite square prisms of (a) AR = 9, (b) AR = 7, (c) AR = 5, and (d) AR = 3, from Rostamy 
et al. (2012). Figure created by D. Sumner (used with permission). 
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planes at a distance of 10D from the centre of the prism using a seven-hole probe.  Mean velocity 
measurements along the vertical central plane are shown in Figure 2.15.  The mean recirculation 
zone extends downstream to a maximum of x/D = 5.5 close to ground plane and vertically up to 
3.5D above the prism, α = 0° (Figure 2.15a).  When the prism is rotated (α = 10°, Figure 2.15b), 
there is a small shrinkage in recirculation zone. The shortest recirculation appears at the critical 
incidence angle that lies between α = 12° to 16° (Figure 2.15c).  At α = 30° and 45° (Figures 
2.15d,e), there is a progressive lengthening of the recirculation zone to x/D = 6 to x/D = 6.5. The 
wake becomes thicker with the increase in α.  
Figure 2.16 shows the mean velocity vectors downstream of a finite square prism in the y-
z plane for various prism orientations. At α = 0° (Figure 2.16a) there exists a pair of symmetric 
counter-rotating vortices in the wake region of the square prism. As the prism is rotated, there 
occurs an asymmetry in the mean wake. There exists a critical incidence angle at which the wake 
exhibits the highest degree of lateral asymmetry. The asymmetry becomes stronger at α = 10° and 
α = 15° (Figures 2.16c,d) which coincides with the critical incidence angle. The counter-clockwise 
vortex, which occurs at the wider side (right-hand side, +y direction) of the wake, shifts upwards 
 
 
Figure 2.15: Mean velocity vectors (streamwise, u, and vertical, w, components shown) 
downstream of a finite square prism of AR = 3 in a vertical (x-z) plane on the centerline of the
wind tunnel test section (y/D = 0): (a) α = 0°, (b) α = 10°, (c) α = 15°, (d) α = 30°, and (e) α = 45°, 
from Ogunremi and Sumner (2015a).  Figure created by D. Sumner (used with permission). 
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from the ground plane with the increase in incidence angle. The clockwise vortex which occurs on 
the narrower side (left-hand side, −y direction) of the wake moves closer to the ground plane with 
the increase in incidence angle. At α = 45° (Figure 2.16h) the tip vortex pair moves closer to the 
ground plane and becomes symmetric.  
 
 Mean Drag Force Coefficient 
Sarode et al. (1981) measured the mean aerodynamic force coefficients for surface-
mounted finite-height square prisms of AR = 1.14 to 10 at Re = 2.2×104.  The incidence angle was 
varied from α = 0° to 45°.  It was observed that with the decrease in aspect ratio (from AR = 10 to 
 
 
Figure 2.16: Mean velocity vectors (cross-stream, v, and vertical, w, components shown) 
downstream of the finite square prism of AR =3 in a vertical (y-z) plane at x/D = 10, from the 
experiments of Ogunremi and Sumner (2015a): (a) α = 0°, (b) α = 5°, (c) α = 10°, (d) α = 15°, (e) 
α = 20°, (f) α = 25°, (g) α = 30°, (h) α = 45°. Figure created by D. Sumner (used with permission).
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AR = 1.14), the mean drag coefficient reduced for all incidence angles. The incidence angle effects 
on CD were greatest for high-aspect-ratio prisms, AR = 6.36 and 10.  The incidence angle effects 
were less pronounced for low aspect ratio prisms, AR = 1.14 to 3.64. 
Another important study on the incidence angle effects for a surface-mounted finite-height 
prism was done by Sakamoto (1985).  The aspect ratios ranged from AR = 1 to 5 at Re = 3.3×104 
to 1.65×105. His finding was similar to that of Sarode et al. (1981) with the drag coefficient 
reducing as the aspect ratio was reduced from AR = 5 to 1. The incidence angle effects were more 
pronounced at high aspect ratio (AR = 5) and were the lowest at AR = 1. Also, there was a reduction 
in critical incidence angle from α = 17.5° at AR = 5 to α = 12.5° at AR = 1.  
McClean and Sumner (2014) studied the effects of aspect ratio and incidence angle for 
square prisms of AR = 3, 5, 7, 9 and 11 at incidence angle ranging from 0° to 45°. Figure 2.17 
shows the variation of CD with incidence angle for finite square prisms.  The drag coefficient for a 
finite square prism is much lower than that of an infinite square prism (see results presented earlier 
in Figure 2.6).  The lower value of CD for finite square prisms can be explained in terms of the 
strong downwash and three-dimensionality in the flow.  The maximum value of CD was observed 
at α = 45° for a finite square prism.  The experiments of McClean and Sumner (2014) show a 
distinct behaviour at AR = 3, for which the mean drag coefficients were least, and incidence angle 
 
Figure 2.17: Mean drag coefficient (CD) against incidence angle (α) for finite square prisms of
aspect ratio AR = 3 to 9, from McClean and Sumner (2014). 
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effects were least pronounced, suggesting that AR = 3 lies below the critical aspect ratio for their 
experimental conditions. 
 
 Mean Lift Force Coefficient 
There is a strong influence of aspect ratio and incidence angle on the mean lift coefficients 
for a square prism. Figure 2.18 shows the variation of mean lift coefficient with α. The data were 
plotted based on the width of the prism. Sarode et al. (1981) observed that with the decrease in 
aspect ratio (AR = 10 to 1.14), the mean lift coefficient was reduced for all incidence angles. For 
all aspect ratios, there was a strong variation of CL with incidence angle. 
 With the increase in incidence angle from α = 0° to 27.5° (Figure 2.18), the mean lift 
coefficient remains negative indicating the force is directed in the negative-y direction. The 
minimum lift coefficient (maximum lift coefficient magnitude) lies between α = 12° to 15° 
depending on the experimental conditions. Between α = 27.5° to 45°, a small positive lift force is 
obtained for the infinite square prism. For the McClean and Sumner (2014) experiments (Figure 
2.20), the critical incidence angles were obtained between α = 12° to 16°.  The lowest value of CL 
for AR = 3 indicates that the prism lies below the critical aspect ratio for their experimental 
conditions.  Also, the value of CL remains negative for all incidence angles, in contrast to results 
 
Figure 2.18: Mean lift coefficient (CL) against incidence angle (α) for finite square prisms of
aspect ratio AR = 3 to 9, from McClean and Sumner (2014). 
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for an infinite square prism, shown earlier in Figure 2.5, where the lift coefficient attains a small 
positive value at high incidence angles. 
 
 Strouhal Number 
Sakamoto et al. (1983) studied the effects of AR and the boundary layer characteristics on 
the vortex shedding frequency for rectangular prisms and cylinders, for AR = 1 to 8. It was 
observed that the Strouhal number increases with an increase in aspect ratio of the prism.  Also, a 
different behavior at AR = 2 suggested that the critical aspect ratio of the prism was AR = 2 for 
their experimental conditions.  As the aspect ratio of the prisms was decreased, the strength of the 
vortex shedding from the prism decreased. 
Some St data obtained at the mid-height positions for finite square prisms, from McClean 
and Sumner (2014), are plotted in Figure 2.19. With the increase in α, the Strouhal number also 
increases and reaches a maximum value for both infinite and finite square prisms.  The infinite 
prism data were plotted earlier in Figures 2.7 and 2.8. For the results in Figure 2.19, the critical 
incidence angle lies between 15° to 17° where the maximum St value occurs. The lowest value of 
St was obtained at an incidence of 45°.  For all incidence angles, the St value is lower than that of 
an infinite square prism (see Figure 2.98).  
 
Figure 2.19: Strouhal number at the mid-height position in the wake for finite square prisms of
AR = 3 to 9, from McClean and Sumner (2014).  
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 EXPERIMENTAL APPARATUS AND 
INSTRUMENTATION 
3.1 Introduction 
This chapter contains a description of the test facility, experimental apparatus, and 
measurement instrumentation used in the thesis research.  The experiments were conducted in a 
low-speed wind tunnel, which is described in Section 3.2.  The square prism models are described 
in Section 3.3.  The measurement instrumentation, including the results of an uncertainty analysis, 
are presented in Sections 3.4 and 3.5 
 
3.2 Low-Speed Wind Tunnel 
All of the experiments were carried out in the low-speed closed-return wind tunnel located 
in the Department of Mechanical Engineering at the University of Saskatchewan.  A schematic of 
the wind tunnel is shown in Figure 3.1. 
A variable-pitch blade fan is used to drive the airflow in the tunnel.  The airstream passes 
through a closed tube where it then enters two sets of turning vanes located at the first two corners 
of the wind tunnel. The airstream from the turning vanes is directed towards the turbulence 
reduction screens which reduce the turbulence intensity in the airflow. The airflow then passes 
through a low-speed settling chamber. Finally, the airflow is accelerated through a contraction and 
into the test section. The side walls of the test section are made of Plexiglas which helps in 
visualization of the experiments.  Downstream of the test section, the flow expands through a 
diffuser and passes through two more corners (with turning vanes) before reaching the fan. 
The test section (Figure 3.2) has dimensions of 0.91 m (height) × 1.13 m (width) × 1.96 m 
(length). Airflow velocities of up to 50 m/s can be obtained in the test section.  In the present 
experiments, a freestream velocity of U∞ = 20 m/s was used.  The streamwise turbulence intensity 
of the airflow in the test section is less than 0.6% at U∞ = 20 m/s.  The test section is equipped 
with a computer controlled turntable that is used for rotating the test models (square prisms).  On 
top of the turntable is mounted a six-component force balance. The models themselves were 
attached to force balance.  The force balance (which was not used in this research) and the model 
were then rotated together on the turntable, which is controlled by a stepping motor. An aluminum 
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ground plane was installed on the floor of the wind tunnel test section.  In the present experiments, 
the square prism was mounted normal to the ground plane at a location 900 mm downstream of 
the ground plane’s leading edge.  The test section also contains a computer-controlled traversing 
system, which is used to position measurement probes inside the test section. 
  
3.3 Square Prism Models 
Finite square prisms, shown in Figure 3.3, of width D = 31.5 mm and heights ranging from 
H = 157.5 mm (for AR = 5) to 283.5 mm (for AR = 9), with smooth surfaces and sharp edges, 
were tested.  The same prisms were used in earlier experimental work conducted at the University 
Figure 3.1: Schematic of the low-speed wind tunnel at the University of Saskatchewan,
Department of Mechanical Engineering, which was used for the present experiments. 
 
 
 
Figure 3.2: Photograph of the wind tunnel test section, flow from left to right, showing the prism,
Pitot-static probe, traversing wing, and seven-hole probe. 
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of Saskatchewan and reported in Rostamy et al. (2012), McClean and Sumner (2014), and 
Ogunremi and Sumner (2015a,b). The square prisms were anodized flat black for the particle 
image velocimetry (PIV) experiments of Rostamy et al. (2012).  The prisms were oriented at 
incidence angles of α = 0°, 5°, 10°, 15°, 20°, 25°, 30° and 45° with the help of the turntable.  The 
estimated uncertainty of the turntable’s angular position was ±0.5°. 
 
3.4 Instrumentation 
A United Sensor 3.2-mm diameter Pitot-static probe (with a built-in thermocouple), a 
Datametrics Barocel Type 600 absolute pressure transducer (Model 600A-1000T-513-H21X-4), 
and a Datametrics Barocel Type 590 differential pressure transducer (Model 590D-10W-2QB-
VIX-4D) (with a thermal base) were used to measure the freestream static pressure, P∞, freestream 
dynamic pressure, q∞, and freestream air temperature, T∞.  These instruments are shown in Figure 
3.4.  The Pitot-static probe (Figure 3.4c) was mounted on the side wall of the test section at a 
distance of 400 mm from contraction exit and at a height of 340 mm above the ground plane.  The 
probe was carefully aligned with the freestream. 
The data acquisition system included a National Instruments PCIe-6259 16-bit data 
acquisition board, a personal computer and LabVIEW software (Figure 3.5).  Data were typically 
sampled at a rate of 1 kHz, and time-averaged over a sampling period of 10 to 20 s. 
The density of air (ρ∞) was calculated using the ideal gas equation, given by 
 
Figure 3.3: The finite square prism models used in the experiments (AR = 5, 7, 9). 
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  ρ∞ = P∞/(RT∞), (3.1) 
 
where R is the gas constant for air (R = 287 J/(kg·K)).  The dynamic viscosity of the air (µ∞) was 
calculated using the Sutherland correlation, given by White (2003), 
 
 ߤஶ ൌ ߤ଴ ቀ்బ்ቁ
ଷ/ଶ ቀ బ்ାௌ்ାௌ ቁ,  (3.2) 
 
where µ0 = 1.71×10-5 Ns/m2, T0 = 273 K, and S = 110.4 K.  Using the dynamic viscosity, the 
kinematic viscosity of the air (ν∞) can be calculated by 
 
  ν∞= µ∞ /ρ∞. (3.3) 
 
(a) (b) 
 
(c) 
Figure 3.4: Instrumentation for measuring the freestream conditions: (a) Datametrics Barocel
Type 600 absolute pressure transducer, (b) Datametrics Barocel Type 590 differential pressure
transducer, and (c) United Sensor 3.2-mm diameter Pitot-static probe. 
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 Flow Conditions 
The experiments were conducted at a freestream velocity of U∞ = 20 m/s, giving a Reynolds 
number of Re = 3.7×104.  A fully developed flat-plate turbulent boundary layer was formed on the 
ground plane at the location of the square prism. The boundary layer data for the current 
experiments are presented in Table 3.1. The boundary layer’s mean velocity profile (Figure 3.6) 
at the location of the prism gives a relative thickness of δ/D = 1.5 at U∞ = 20 m/s. The boundary 
layer was not tripped but was allowed to form naturally from the leading edge of the ground plane. 
The time-averaged velocity field in the wake of the square prism was measured using a 
seven-hole pressure probe.  This probe has been used in several previous research programs at the 
University of Saskatchewan, with results reported in Sumner et al. (2004), Adaramola et al. (2010), 
and Ogunremi and Sumner (2015a,b).  The seven-hole probe measures the time-averaged velocity 
vector (corresponding to mean velocity components u, v, and w, oriented in the x, y, and z 
directions, respectively). The seven-hole probe used in the present study (Figures 3.7a,b) was 
manufactured by Engineering Shops at the University of Saskatchewan.  The probe is conical in 
shape with a cone angle of 30° and a diameter of 3.45 mm. It is comprised of seven, closely packed 
 
Figure 3.5: Computer, data acquisition system components, and LabVIEW “virtual instruments”
used for the wind tunnel experiments. 
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1-mm diameter stainless steel tubes, fitted into an outer stainless steel sleeve. The probe can 
measure the three velocity components of flow at flow angles up to 70° from the probe axis. 
   
 
 
 
Figure 3.6: The ground plane boundary layer mean velocity profile for a freestream velocity of
U∞ = 20m/s at x/D = 0, where x is the location of the prism. 
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Table 3.1: Summary of boundary layer measurements on the ground plane for finite square prism
experiments, U∞ = 20 m/s (Rostamy (2012)). 
 
Location, 
x/D 
Boundary 
layer 
thickness, 
δ (mm) 
Displacement 
thickness, δ* 
(mm) 
Momentum 
thickness, 
θ (mm) 
Shape 
factor, 
H = δ*/ 
θ 
Reynolds 
number 
based on 
x, Rex 
Reynolds 
number 
based on 
θ, Reθ 
 
 
δ/θ 
0 51 5.7 4.6 1.3 1.6×106 5.9×106 1.6 
5 54 6.1 4.9 1.2 1.6×106 6.6×106 1.7 
10 56 6.3 5.0 1.2 1.9×106 6.8×106 1.8 
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The seven pressures are measured with a Scanivalve ZOC171P/8Px pressure scanner 
shown in Figure 3.8. The Scanivalve ZOC17 (Zero, Operate, Calibrate) measures individual 
pressures from the seven-hole probe. The calibration valve automatically calibrates the ZOC17 
pressure sensors online i.e., during the measurement. A BOC Edwards Model 590DF differential 
pressure transducer (Figure 3.7c) provides an accurate reference pressure for online calibration 
checks of the ZOC17’s pressure transducers. For the present experiments, a calibration check was 
done at every 200 mm of vertical travel of the probe. Figure 3.9 shows the pressure control panel 
used for calibrating and operating the ZOC17 unit. 
 
 
 
 
 
(b) 
 
(a) (c) 
Figure 3.7: Photographs showing (a) the seven-hole probe mounted in the wind tunnel’s traversing 
wing, (b) a close-up of the seven-hole probe, and (c) the BOC Edwards Model 590DF differential
pressure transducer. 
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A direct-interpolation calibration data reduction method was used for the seven-hole probe, 
as described by Sumner (2002).  The calibration grid spacing had an angular range of ±72.9° in 
pitch angle and yaw angle with an angular increment of 8.1°.  The data reduction method uses the 
seven measured pressures from the probe to calculate the pitch angle, yaw angle, dynamic pressure 
coefficient, and static pressure coefficient, from which the three velocity components, u, v, and w, 
are calculated.  Further information on the data reduction method can be found in Sumner (2002). 
 
3.5 Uncertainty Analysis 
The instruments used in the experiments, such as the pressure transducers, data acquisition 
system, seven-hole probe, Pitot-static probe, and thermocouple, along with the test environment 
itself, all have errors associated with them. These errors influence the measurements made in the 
experiments. 
For a Pitot-static probe, which was used to measure the freestream conditions, the main 
sources of error that would be important in the present experiments include yaw and pitch angle 
errors, turbulence intensity errors, and Reynolds number effects (Bryer and Pankhurst, 1971).  The 
angular error was considered to be very small since the probe was carefully aligned with the 
 
Figure 3.8: Photograph of the ZOC17 pressure scanner connected to the seven-hole probe for 
measurements. 
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freestream.  The freestream was also of low turbulence intensity (0.6% streamwise turbulence 
intensity at U∞ = 20 m/s), and therefore the error due to elevated turbulence is expected to be very 
small.  Reynolds number effects are also very small: at U∞ = 20 m/s, the probe Reynolds number 
(based on the probe external diameter of 3.2 mm) was 3900, while significant Reynolds number 
effects would be expected only at probe Reynolds numbers of approximately 300 or lower (Bryer 
and Pankhurst, 1971).   
The main sources of error in the freestream conditions were therefore related to the pressure 
transducers.  The freestream absolute static pressure (P∞) was measured with the Datametrics 
Barocel Type 600 absolute pressure transducer, with a full scale of 1000 Torr = 133.3 kPa, which 
has a reported accuracy of ±0.15% of reading and a repeatability of ±0.01% of full scale 
(Datametrics, 1982a).  The freestream dynamic pressure (q∞) was measured with the Datametrics 
Barocel Type 590 differential pressure transducer (with a thermal base) with a full scale of 10 
inches H2O, which has an accuracy of ±0.05% of reading + 0.001% of full scale and a repeatability 
of ±0.01% of reading + 0.005% of full scale (Datametrics, 1982b).  The seven-hole probe pressures 
were measured with the Scanivalve ZOC17 pressure scanner; each transducer has a full scale of 
10 inches H2O and a reported accuracy of ±0.20% of full scale (Scanivalve 2014).  Other errors 
 
Figure 3.9: Pressure control panel for calibrating the ZOC17 pressure scanner. 
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are introduced by the pressure calibration curves, but these are considered to be small compared 
to the individual accuracies of the instruments. 
The type K thermocouple used to measure the freestream temperature, which was 
embedded inside the Pitot-static probe, was estimated to have an error of ±0.1°C. 
The data acquisition errors were considered to be very small, since the analog-to-digital 
converter was 16-bit and the voltage input ranges were maximized for all readings using 
appropriate gains. 
Wind tunnel blockage was very small for all of the prism models.  The largest prism, of 
AR = 9, had a solid blockage ratio (the ratio of frontal area to the cross-sectional area of the test 
section) of approximately 0.9%, which means blockage effects are insignificant (Barlow et al., 
1999). 
Probe positioning error, using the automated traversing system, was estimated to be ±0.5 
mm.  For the largest measurement grids (for the prism of AR = 9), the size of the measurement 
grid (using a 5-mm grid spacing) was more than 3700 points.  It was observed following these 
experiments, after repeated movements in the x, y, and/or z directions that the probe could be 
returned to its original position or datum with an error of less than 1 mm. 
From the above discussion, and using typical values for the freestream conditions, 
representative uncertainty values can be estimated using the root-sum-square approach to account 
for multiple sources of error (e.g., Figliola and Beasley (2011)).  These results are presented in 
Table 3.2.  Based on the analysis and the results in Table 3.2, it is reasonable to assume that the 
measurements of the freestream conditions have uncertainties of less than 1%. 
For the seven-hole probe measurements, Sumner et al. (2004) estimated the total velocity 
magnitude uncertainty to be less than 5%, for similar wake velocity measurements as in the present 
thesis, and flow angle errors of less than 3°.  
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Table 3.2:  Summary of uncertainty analysis. 
Measurement Typical Value Accuracy Repeatability Total Error % Error 
P∞ 96.0 kPa 0.144 kPa 0.013 kPa 0.290 kPa 0.3% 
q∞ 225.0 Pa 0.113 Pa 
0.025 Pa 
0.023 Pa 
0.124 Pa 
0.342 Pa 0.15% 
T∞ 25.0°C   0.1°C 0.4% 
 
Variable Calculated Value Total Error % Error 
ρ∞ 1.136 kg/m3 0.00684 kg/m3 0.6% 
µ∞ 1.841×10-5 Ns/m2 1×10-7 Ns/m2 0.5% 
U∞ 19.90 m/s 0.0668 m/s 0.3% 
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 EFFECTS OF ASPECT RATIO AT ZERO 
INCIDENCE ANGLE 
4.1 Introduction 
In this chapter, the effects of aspect ratio are discussed for finite prisms oriented at an 
incidence angle of α = 0°, i.e., where the prism face is oriented normal to the incident flow.  The 
time-averaged wake velocity measurements were taken in two vertical planes, oriented in the 
streamwise direction (x-z plane) and the cross-stream direction (the y-z plane), for surface-mounted 
finite square prisms of AR = 9, 7 and 5. The measurements in the x-z plane (Section 4.2), 
corresponding to the vertical symmetry plane (y/D = 0) and parallel to the incident flow, give a 
clear idea of the maximum extent of the mean recirculation zone. The measurements in the y-z 
plane (Section 4.3) were made at x/D = 10 and normal to the incident flow show clearly the mean 
streamwise vortex structures in the wake region. The measurements were made at x/D = 10 to 
ensure that they were outside the mean recirculation zone. The grid spacing in the x-z plane was 
10 mm in the x direction and 5 mm in the z direction. The grid spacing in the y-z plane was 5 mm 
in both directions. 
The results are compared with data from Sumner et al. (2004) obtained for surface-mounted 
finite cylinders. It is worth mentioning that the experiments of Sumner et al. (2004) were carried 
out at a Reynolds number of Re = 6×104 with a boundary layer thickness-to-diameter ratio of δ/D 
= 2.6, while the present experiments were carried out at a slightly lower Reynolds number of Re 
= 3.7×104 and slightly thinner boundary layer of δ/D = 1.5. 
 
4.2 Flow in the Vertical Plane Parallel to the Incident Flow (x-z Plane) 
The time-averaged wake velocity fields of the finite square prisms, made in the vertical 
symmetry plane on the centreline of the wind tunnel test section, are shown in Figure 4.1. The 
velocity field (velocity components u and w) is made dimensionless with the freestream velocity, 
U∞.  Upstream of the prism (not seen in Figure 4.1) for all three aspect ratios, part of the approach 
flow moves up and separates from the leading edge of the free end.  No reattachment occurs on 
the free end. The other part of the approach flow, closer to the ground plane, moves downwards   
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near the prism and recirculates upstream in the prism-wall junction region. This region contains 
the horseshoe vortex (identified later in Figure 4.4).  
Downwash (downward-directed velocity) occurs directly behind the free end and persists 
in the streamwise direction in the upper part of the wake. For the square prism of AR = 9 (Figure 
4.1a), the downwash extends up to 8.4D towards the ground plane from the free end.  In contrast, 
for a finite cylinder of AR = 9 (Figure 4.1d), the downwash extends only up to 5D below the free 
end.  Near the ground plane, there is no evidence of upwash (upward-directed velocity) for all 
three square prisms, but a small upwash is clearly seen for the finite cylinders (Figures 4.1d,e,f). 
There exists a region of high-angled and reversing flow immediately behind the prism 
which corresponds to the mean recirculation zone.  This flow typically exceeds the angular range 
of the seven-hole probe, or, because it is reversing, cannot be measured by the seven-hole probe.  
Hence, the recirculation zone is shown in Figure 4.1 as the region where there is an absence of 
velocity vectors; the angular range of the seven-hole probe is estimated to be ±70° (Sumner, 2002).  
From the results in Figure 4.1, it can be seen that the maximum streamwise extent of the mean 
recirculation zone increases with the increase in aspect ratio; this trend is the same for both the 
finite prism and the finite cylinder. 
Figure 4.2 shows how the maximum length of the recirculation zone (Lmax/D) depends on 
the square prism’s aspect ratio.  Here, the maximum length of this zone is defined as the maximum 
streamwise location where the streamwise velocity component is zero.  For AR = 5, the mean 
recirculation zone extends downstream to a maximum of 6.3D.  For AR = 7 and 9, the recirculation 
zone extends to 7.5D and 8.4D, respectively. The streamwise extent of the recirculation zone also 
varies along the height of the finite square prism. The length of the recirculation zone decreases 
when moving from the ground plane to the free end of the square prism. This indicates that the 
effect of downwash is maximum near the free end of the prism and reduces when moving towards 
the the ground plane. Data for the finite cylinder from Sumner et al. (2004) are also shown in 
Figure 4.2, which show that the finite-cylinder recirculation zones are shorter than those of the 
finite square prism. 
  
 43 
  
Finite Square Prism Finite Cylinder 
  
(a) AR = 9 (d) AR = 9 
  
(b) AR = 7 (e) AR = 7 
  
(c) AR = 5 (f) AR = 5 
Figure 4.1: Time-averaged velocity field (velocity components u and w) along the wake centreline
(y/D = 0) for finite square prisms of (a) AR = 9, (b) AR = 7 and (c) AR = 5 at α = 0° (from the 
present experiments, Re = 3.7×104) and finite cylinders of (d) AR = 9, (e) AR = 7, and (f) AR = 5
(from Sumner et al. (2004), Re = 6×104). 
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4.3 Flow in the Vertical Plane Normal to the Incident Flow (y-z Plane) 
Time-averaged cross-stream velocity fields, in the y-z plane (showing velocity components 
v and w), at a distance of x/D = 10, are shown in Figure 4.3, alongside similar velocity fields for a 
finite cylinder from Sumner et al. (2004).  For both the prism and the cylinder, the recirculating 
flow in the upper part of the wake on either side of the centreline shows the nominal locations of 
the time-averaged streamwise tip vortices. The tip vortices consist of a pair of counter-rotating 
vortices in the upper part of the wake region. This counter-rotating vortex pair exists in a 
symmetric arrangement for all the aspect ratios at α = 0°.  The counter-rotating vortex pair induces 
strong downwash (downward-directed velocity) on the wake centreline that reaches the ground 
plane. The centre of the vortex pair appears to be slightly closer to the ground plane for the finite 
square prism compared to the finite cylinder.  
For the square prism of AR = 9 (Figure 4.3a), the velocity vector field shows stronger 
downwash behind the square prism and below the tip compared to the prisms of AR = 7 and 5 
(Figures 4.3b,c).  The downwash weakens along the axis of the prism towards the ground plane 
and the remaining flow is directed towards the downstream direction. The corresponding time-
averaged streamwise vorticity fields for the finite square prisms of AR = 9, 7 and 5 at x/D = 10, as 
well as the finite cylinders from Sumner et al. (2004), are shown in Figure 4.4, where the 
Figure 4.2: Maximum streamwise length of the recirculation zone (Lmax/D) for the finite square 
prism at α = 0° (present experiments) and finite cylinder (from Sumner et al. (2004)).  Finite square 
prism data for AR = 3 are taken from Ogunremi and Sumner (2015a). 
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streamwise vorticity is expressed in dimensionless form as ωxD/U∞. A symmetric counter-rotating 
pair of streamwise vortices, representing the tip vortices, is seen in the upper part of the wake for 
all aspect ratios and for both the prism and the cylinder. The vorticity concentrations representing 
the tip vortices are reasonably circular in shape and remain as two distinct structures. 
The tip vortex structures are more circular for the finite square prism of AR = 5 (Figure 
4.4c).  Unlike the finite cylinders, however, the base vortex structures are nearly absent at x/D = 
10 in the lower part of the wake for the square prisms. The base vortex structures are responsible 
for the upwash flow. The present experiments clearly identify that there is no significant upwash 
for the finite square prism at x/D = 10, which is consistent with the absence of base vortices. 
However, Sumner et al. (2004) identified that the base and tip vortices weaken with the increase 
in distance downstream from the cylinder. The present experiments were carried out at a distance 
of 10D from the centre of the prism for the y-z plane. It is possible, therefore, that the base vortices 
of the square prism may have weakened and diffused by x/D = 10; additional experiments closer 
to the prism may confirm the existence of the base vortices. 
Additionally, smaller vorticity concentrations are seen at the outer edges of the square 
prism wake close to the ground plane, which may represent the trailing arms of the horseshoe 
vortex system originating upstream from the prism within the boundary layer. These horseshoe 
vortices are not seen in the finite cylinder data obtained by Sumner et al. (2004).  Their absence 
may be caused by the size of their measurement plane, which did not extend as close to the ground 
plane for the finite cylinder experiments.  Also, the horseshoe vortex is known to be weaker for a 
cylinder compared to a prism, and the horseshoe vortex arms from the cylinder may have diffused 
or weakened by x/D = 10. 
The centres of the tip vortices are observed to be near the mid-height of the prism. Thus, 
the location of the vortex centre is a function of the aspect ratio of the prism and is approximately 
equal to 0.56H.  Also, the centres of the horseshoe vortex pairs move closer towards the prism 
with the increase in aspect ratio from AR = 5 to 9. 
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Finite Square Prism Finite Cylinder 
  
(a) AR = 9 (d) AR = 9 
  
(b) AR = 7 (e) AR = 7 
  
(c) AR = 5 (f) AR = 5 
Figure 4.3: Time-averaged velocity field (velocity components v and w) in the cross-stream 
vertical plane at x/D = 10 for finite square prisms of (a) AR = 9, (b) AR = 7 and (c) AR = 5 at α = 
0° (from the present experiments, Re = 3.7×104), and finite cylinders of (d) AR = 9, (e) AR = 7,
and (f) AR = 5 (from Sumner et al. (2004), Re = 6×104). 
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Finite Square Prism Finite Cylinder 
  
(a) AR = 9 (d) AR = 9 
  
(b) AR = 7 (e) AR = 7 
  
(c) AR = 5 (f) AR = 5 
Figure 4.4: Time-averaged streamwise vorticity field (contours of ωxD/U∞) in the cross-stream 
vertical plane at x/D = 10 for finite square prisms of (a) AR = 9, (b) AR = 7 and (c) AR = 5 at α = 
0° (from the present experiments, Re = 3.7×104) and finite cylinders of (d) AR = 9, (e) AR = 7,
and (f) AR = 5 (from Sumner et al. (2004), Re = 6×104).  Solid contour lines represent positive 
(CCW) vorticity, dashed contour lines represent negative (CW) vorticity. 
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 Streamwise Mean Velocity 
 Contours of the mean streamwise velocity component (u/U∞) at x/D = 10 for finite-square 
prisms at zero incidence angle (α = 0°) are shown in Figure 4.5, alongside similar velocity fields 
for finite cylinders from Sumner et al. (2004). These contours can be used to judge the width and 
vertical extent of the mean wake behind the prism. The maximum width of the wake was calculated 
at mid-height of the prism where the streamwise velocity component u/U∞ reaches 0.95. 
 For all these aspect ratios (AR = 9, 7 and 5), the wake exhibits symmetry at α = 0° for both 
square prisms and cylinders. The maximum width of the wake increases with a reduction in AR, 
increasing from approximately 5.2D for AR = 9 (Figure 4.5a), to 6D for AR = 7 (Figure 4.5b), and 
to 6.8D for AR = 5 (Figure 4.5c).  
The minimum streamwise velocity encountered in the wake, (u/U∞)min, decreases with an 
increase in aspect ratio, i.e., from (u/U∞)min = 0.53 for the prism of AR = 3 (from the results of 
Ogunremi and Sumner (2015a)), to (u/U∞)min = 0.35 for the prism of AR = 5, to (u/U∞)min = 0.32 
for the prism  of AR = 7, and to (u/U∞)min = 0.27 for the prism of AR = 9.  The maximum thickness 
of the wake (based on the vertical extent of the u/U∞ = 0.95 contour) relative to the prism height, 
increases as the aspect ratio is lowered, increasing from 0.7H for AR = 9 (Figure 4.5a) to 0.8H for 
both AR = 7 (Figure 4.5b) and AR = 5 (Figure 4.5c).  A similar trend is seen for the finite cylinder 
wake in Figures 4.5d,e,f. 
The magnitude of (u/U∞)min can be related to the mean drag coefficient acting on the square 
prism (see the data in Figure 2.19).  For finite square prisms of different aspect ratio (AR = 3, 5, 7 
and 9), the lowest mean drag force coefficient (CD) was 1.29 (AR = 3) which corresponds also to 
the maximum value of (u/U∞)min.  Also there is a significant increase in the drag coefficient value 
from CD = 1.29 (AR = 3) to CD = 1.43 (AR = 5). Similarly, the magnitude of (u/U∞)min also exhibits 
a reduction from 0.53 (AR = 3) to 0.35 (AR = 5).  
 
 Cross-stream Mean Velocity 
Time-averaged cross-stream velocity fields (v/U∞) in the cross-stream (y-z) plane for finite 
square prisms at zero incidence angle (α = 0°) are shown as contour plots in Figure 4.6.  The results 
obtained are compared with the data obtained from Sumner at al. (2004) for finite circular 
cylinders. For all three square prisms (Figures 4.6a,b,c), the flow is entrained towards the wake 
centerline in the upper part of the wake. Only for the prism of AR = 5 (Figure 4.6c) is there 
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appreciable flow moving away from the centreline in the lower part of the wake. For the cylinders 
(Figures 4.6d,e,f), however, the entrainment occurs towards the wake centerline in two different 
zones, which correspond to the tip vortex region and the base vortex region.  
 
 Wall-normal Mean Velocity 
 Time-averaged wall-normal velocity fields (w/U∞) in the cross-stream (y-z) plane of the 
finite square prisms, along with data obtained from Sumner et al. (2004) for finite cylinders, are 
shown as contour plots in Figure 4.7.  All of the data were obtained at x/D = 10.  For all three 
square prisms (Figures 4.7a,b,c), there exists a strong region of downwash velocity on the wake 
centreline. No significant upwash is seen for the prisms. In contrast, for the finite cylinders (Figures 
4.7d,e,f), a small region of upwash is located near the ground plane.  
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Finite Square Prism Finite Cylinder 
  
(a) AR = 9 (d) AR = 9 
  
(b) AR = 7 (e) AR = 7 
  
(c) AR = 5 (f) AR = 5 
Figure 4.5: Streamwise mean velocity contours in the wake of finite square prisms of (a) AR = 9,
(b) AR = 7 and (c) AR = 5 at α = 0° (from the present experiments, Re = 3.7×104) and finite 
cylinders of (d) AR = 9, (e) AR = 7, and (f) AR = 5 (from Sumner et al. (2004), Re = 6×104). 
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Finite Square Prism Finite Cylinder 
  
(a) AR = 9 (d) AR = 9 
  
(b) AR = 7 (e) AR = 7 
  
(c) AR = 5 (f) AR = 5 
Figure 4.6: Cross-stream mean velocity contours at x/D = 10 of the finite square prisms of (a) AR
= 9, (b) AR = 7, and (c) AR = 5, and finite cylinders (from Sumner et al. (2004)) of (d) AR = 9,
(e) AR = 7, and (f) AR = 5.  Solid contour lines represent positive cross-stream velocity (in the +y
direction), dashed contour lines represent negative cross-stream velocity (in the –y direction). 
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Finite Square Prism Finite Cylinder 
  
(a) AR = 9 (d) AR = 9 
  
(b) AR = 7 (e) AR = 7 
  
(c) AR = 5 (f) AR = 5 
Figure 4.7: Wall-normal mean velocity contours at x/D = 10 of the finite square prisms of (a) AR
= 9, (b) AR = 7, and (c) AR = 5, and finite cylinders (from Sumner et al. (2004)) of (d) AR = 9,
(e) AR = 7, and (f) AR = 5.  Solid contour lines represent positive wall-normal velocity (in the +z 
direction), dashed contour lines represent negative wall-normal velocity (in the –z direction). 
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 EFFECTS OF INCIDENCE ANGLE 
5.1 Introduction 
In this chapter, the effects of incidence angle are discussed for the finite square prisms 
oriented at  incidence angles ranging from α = 0° to 45°. At α = 0°, where the prism face is oriented 
normal to the approaching flow, flow separation occurs symmetrically from the two vertical 
leading edges (the upstream corners of the square cross-secton) of the prism. As α is changed, the 
positions of these two leading edges (or corners) change with respect to the approaching flow. This 
results in changes in the boundary layers on the sides of the prism, the development of the two 
separated shear layers, and the wake. The wake becomes asymmetric with the change in incidence 
angle until symmetry is reacquired at α = 45°.  
The time-averaged wake velocity measurements at the different incidence angles were 
taken in two vertical planes, oriented in the streamwise (x-z) and cross-stream (y-z) directions, for 
surface-mounted finite square prisms of AR = 9, 7 and 5.  The experiments were carried out at a 
Reynolds number of Re = 3.7 × 104 and a relative boundary layer thickness of δ/D = 1.5.  In this 
chapter, the results obtained for AR = 9 are explained in detail, whereas the results for AR = 7 and 
AR = 5 receive less extensive discussion except where there are significant differences compared 
to the case of AR = 9. 
 
5.2 Flow in the Vertical Plane Parallel to the Incident Flow (x-z Plane) 
The time-averaged wake velocity fields of the finite prism of aspect ratio AR = 9, in the 
vertical symmetry plane on the centreline of the wind tunnel test section (corresponding to y/D = 
0), are shown in Figure 5.1. The velocity field is made dimensionless with the freestream velocity, 
U∞.  For all incidence angles, strong downwash is seen in the upper part of the wake, extending 
from the region of separated flow above the prism’s free end. The downwash eventually reaches 
the ground plane with no evidence of upwash. 
At zero incidence angle (α = 0°, Figure 5.1a), the mean recirculation zone extends 
downstream to a maximum of x/D = 8.4 close to the ground plane. When the prism is rotated to α 
= 10° and 15° (Figures 5.1b,c), there is a small shrinkage in the maximum length of the mean 
recirculation zone as it now extends only up to x/D = 6.5 near the ground plane. From Figure 5.1, 
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it is clear that the shortest recirculation zone appears between 10° and 15°. At α = 30° and α = 45° 
(Figures 5.1e,f), there is a progressive lengthening of the recirculation zone to x/D = 9.7 and x/D 
= 10 near the ground plane, respectively. 
Figure 5.2 shows how the maximum length of the recirculation zone depends on the 
orientation of the square prism.  Results are shown for all three aspect ratios.  Here, the maximum 
length of this zone is defined as the maximum streamwise location downstream from the centre of 
the prism where the streamwise velocity component is zero. With the increase in incidence angle, 
the recirculation zone shrinks and reaches a minimum value at around α = 15°. For AR = 5 and 
AR = 3, the minimum value lies around α = 10°.  These incidence angles correspond to the critical 
incidence angle for the finite prism, where the prism experiences its minimum mean drag 
coefficient, maximum mean lift coefficient magnitude, and maximum Strouhal number.  The 
different result for AR = 5 and AR = 3 relates to the critical aspect ratio for these experiments, 
which lies between AR = 5 and AR = 3.  For all three aspect ratios, the maximum value for the 
   
(a) α = 0° (b) α = 10° (c) α = 15° 
   
(d) α = 20° (e) α = 30° (f) α = 45° 
Figure 5.1: Time-averaged velocity field (velocity components u and w) in the vertical plane along 
the centreline of the wind tunnel (y/D = 0) for a finite square prism of AR = 9 for incidence angles
ranging from α = 0° to 45°. 
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length of recirculation zone is obtained at α = 45°.  The shapes of the curves in Figure 5.2 closely 
mirror the behaviour of the mean drag coefficient for the finite square prism shown in Figure 2.17 
and discussed by McClean and Sumner (2014). 
 
5.3 Flow in the Vertical Plane Normal to the Incident Flow (y-z Plane) 
Time-averaged cross-stream velocity fields in a vertical plane (y-z) at x/D = 10 for the finite 
square prism of AR = 9 are shown in Figure 5.3.  At zero incidence angle (α = 0°) (Figure 5.3a), a 
symmetric pair of counter-roating vortex structures occur which induce a strong downwash  on the 
wake centreline that reaches the ground plane. As the prism is rotated to α = 5° (Figure 5.3b), the 
tip vortex pair becomes slightly asymmetric, with the counter-clockwise vortex structure being 
displaced upwards and the clockwise vortex structure being displaced downwards. This 
asymmetry becomes stronger as the prism is rotated to α = 10° (Figure 5.3c) and α = 15° (Figure 
5.3d). The maximum asymmetry in the tip vortex pair coincides with the critical incidence angle 
for the prism, which lies between α = 10° and 15° (McClean and Sumner, 2014). When the prism 
is further rotated to α = 20° and higher (Figures 5.3e,f,g,h), the asymmetry of the recirculating 
Figure 5.2: Maximum streamwise length of the mean recirculation zone (Lmax/D) of the finite 
square prisms for different incidence angles. Finite square prism data for AR = 3 are taken from
Ogunremi and Sumner (2015a). 
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flows begins to diminish, until a symmetric arrangement of the tip vortex pair is once again 
established at α = 45° (Figure 5.3h).   
At α = 45° (Figure 5.3h), there is a region near the ground plane where velocity vectors are 
absent.  This absence of velocity vectors means the seven-hole probe was unable to measure the 
flow, since the local flow angle either exceeded its angular range or the flow was reversing 
  
(a) α = 0° (b) α = 5° 
  
(c) α = 10° (d) α = 15° 
  
Figure 5.3: Time-averaged velocity field (velocity components v and w) in the cross-stream 
vertical plane at x/D = 10 for a finite square prism of AR = 9 for incidence angles ranging from α
= 0° to 45°.  (Figure continues on the following page.) 
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(Sumner, 2002).  In this case, reversing flow was encountered within the mean recirculation zone 
of the prism. 
To better illustrate the tip vortex structures, the mean streamwise vorticity fields at x/D = 
10, obtained from the mean velocity vectors in Figure 5.3, are shown in Figure 5.4. The vorticity 
is expressed in dimensionless form as ωxD/U∞. At α = 0° (Figure 5.4a), a symmetric counter-
rotating pair of streamwise vortices, representing the tip vortex pair, is seen in the upper part of 
the wake. Also, vorticity concentrations are seen close to the ground plane, which represent the 
  
(e) α = 20° (f) α = 25° 
  
(g) α = 30° (h) α = 45° 
  
Figure 5.3 continued. 
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trailing arms of the horseshoe vortex system orginating upstream of the prism within the ground 
plane’s boundary layer. At α = 5° (Figure 5.4b), the counter-clockwise vortex located on the +y 
side of the wake moves upward slightly.  
Close to the critical incidence angle, between α = 10° (Figure 5.4c) and α = 15° (Figure 
5.4d), the CCW tip vortex moves to its highest point above the ground plane, while the CW tip 
  
(a) α = 0° (b) α = 5° 
  
(c) α = 10° (d) α = 15° 
  
Figure 5.4: Time-averaged streamwise vorticity field (contours of ωxD/U∞) in the cross-stream 
vertical plane at x/D = 10 for a finite square prism of AR = 9.  Solid lines represent positive (CCW)
vorticity, dashed lines represent negative (CW) vorticity. (Figure continues on the following page.)
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vortex moves towards the ground plane. In Figure 5.4h, a small pair of counter-rotating pair of 
vortices behind the prism near the ground plane – these are not real structures but result from the 
calculation of vorticity at the boundary of the region where the velocity cannot be measured. 
Also at α = 15° (Figure 5.4d), it is interesting to note the appearance of second distinct 
CCW vortex structure on the +y side of the lower half of the wake. With the increase in incidence 
angle from α = 20° to 45° (Figures 5.4e,f,g,h), the second CCW vortex becomes contiguous with 
main CCW tip vortex.  The tip vortices gradually elongate towards the ground plane and for α = 
  
(e) α = 20° (f) α = 25° 
  
(g) α = 30° (h) α = 45° 
  
Figure 5.4 continued. 
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25° to 45° (Figures 5.4f,g,h) become linked to the vorticity associated with the horseshoe vortex 
arms.  
Figures 5.5 and 5.6 show the variation of minimum and maximum vorticity with incidence 
angle. The maximum value for CW minimum vorticity (Figure 5.5) is obtained for an incidence 
angle range α = 0° to 10° (AR = 5, 7 and 9), while for AR =3, the maximum CW vorticity is 
obtained at α = 45°. The smallest value of minimum CW vorticity lies in the incidence angle range 
α = 15° to 30° (AR = 3, 5, 7 and 9). The largest value of maximum CCW vorticity data (Figure 
5.6) lies in the range of α = 0° to 20° and the smallest value lies in the range α = 10° to 45°. 
The minimum value of the streamwise velocity component (u/U∞)min in the wake of the 
finite square prism decreases with aspect ratio for all incidence angles. Figure 5.7 shows the 
variation of streamwise velocity with incidence angle for finite square prisms of different aspect 
ratios. The maximum value of (u/U∞)min occurs at α = 15° which corresponds to the critical 
incidence angle for the prism. 
Figure 5.5: Absolute value of minimum CW (most negative) time-averaged streamwise vorticity
at x/D = 10 for finite square prisms of AR = 3, 5, 7 and 9. Finite square prism data for AR = 3 are
taken from Ogunremi and Sumner (2015a). 
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Contours of the mean streamwise velocity component (u/U∞) at x/D = 10 are shown in 
Figure 5.8. These contours can be used to judge the width and vertical extent of the mean wake 
behind the prism. At α = 0° (Figure 5.8a), the mean wake exhibits a symmetric pattern with a 
maximum height up to z = 6D above the ground plane and and a width of approximately 5.2D. At 
α = 5° (Figure 5.8b), small asymmetry is seen in the wake, with a thicker wake region on the +y 
side of the wake. The wake asymmetry is most prominent near the critical incidence angle, for α 
= 10° (Figure 5.8c) and α = 15° (Figure 5.8d). At α = 15° (Figure 5.8d), even though the maximum 
wake height extends to 7D on the +y side of the wake, the width reduces to 4.6D. With a further 
increase in incidence angle from α = 20° to α = 45° (Figures 5.8e,f,g,h), the asymmetry gradually 
reduces and the wake reattains a symmetric pattern with a maximum height of 7.4D at α = 45° 
(Figure 5.8h). 
 
 
 
Figure 5.6: Maximum CCW (most positive) time-averaged streamwise vorticity at x/D = 10 for 
finite square prisms of AR = 3, 5, 7 and 9. Finite square prism data for AR = 3 are taken from
Ogunremi and Sumner (2015a). 
 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0 5 10 15 20 25 30 35 40 45
ω x
*
α (°)
AR = 3
AR = 5
AR = 7
AR = 9
 62 
 Cross-stream Mean Velocity 
Time-averaged cross-stream velocity fields (v/U∞) in the cross-stream (y-z) plane for the 
finite square prism of AR = 9 for various incidence angles are shown as contour plots in Figure 
5.9.  For α = 0° (Figure 5.9a), the flow is entrained towards the wake centerline in the upper part 
of the wake. A symmetric pattern is obtained at this configuration. With an increase in incidence 
angle, the flow sweeps across the wake from –y to +y, with the strongest sweep of velocity seen 
for α = 15° (Figure 5.9d).  With a further increase in incidence angle to α = 45° (Figure 5.9h), it is 
observed that entrainment towards the wake centerline, from both sides of the wake, occurs for the 
entire wake height and the symmetry is regained.  
 
 Wall-normal Mean Velocity 
Figure 5.10 shows the absolute value of the minimum wall-normal velocity (w/U∞), or 
maximum downwash velocity, in the wake of the finite square prisms of AR = 3, 5, 7 and 9 at x/D 
Figure 5.7: Minimum streamwise mean velocity in the wake of the square prisms of AR = 3, 5, 7
and 9, at x/D = 10, for incidence angles ranging from α = 0° to 45°. Finite square prism data for
AR = 3 are taken from Ogunremi and Sumner (2015a). 
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= 10, for incidence angles ranging from α = 0° to 45°. At α = 0°, maximum downwash velocity is 
obtained for AR = 9 with w = 0.23U∞ followed by w = 0.22U∞ for AR = 7, w = 0.20U∞ for AR 
= 5 and w = 0.16U∞ for AR = 3. Also, it is worth mentioning that the rate of decrease of downwash 
velocity with decrease in aspect ratio increases from AR = 5 to 3. 
 
  
(a) α = 0° (b) α = 5° 
  
(c) α = 10° (d) α = 15° 
  
Figure 5.8: Streamwise mean velocity contours in the wake of the square prism of AR = 9, at x/D
= 10, for incidence angles ranging from α = 0° to 45°. Contour increment of u/U∞ = 0.05. (Figure 
continues on the following page.) 
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(e) α = 20° (f) α = 25° 
  
(g) α = 30° (h) α = 45° 
  
Figure 5.8 continued. 
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(a) α = 0° (b) α = 5° 
  
(c) α = 10° (d) α = 15° 
  
Figure 5.9: Cross-stream mean velocity contours in the wake of the square prism of AR = 9, at
x/D = 10, for incidence angles ranging from α = 0° to 45°.  Contour increment of v/U∞ = 0.02. 
Solid lines represent positive cross-stream velocities, dashed lines represent negative cross-stream 
velocities. (Figure continues on the following page.) 
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(e) α = 20° (f) α = 25° 
  
(g) α = 30° (h) α = 45° 
  
Figure 5.9 continued. 
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With the increase in incidence angle, the magnitude of (w/U∞) reduces and reaches its 
minimum value at α = 15° (AR = 5, 7 and 9) and then it increases and reaches a maximum value 
at α = 45°. Thus, the minimum downwash velocity is attained for a prism configuration of α = 15° 
and the maximum downwash velocity is at α = 45°. For the AR = 3 prism, the minimum downwash 
velocity is obtained at α = 10°. The different behaviour for AR = 3 prism can be attributed to the 
fact that it lies below critical aspect ratio for the present experimental conditions. 
Time-averaged wall-normal velocity fields (w/U∞) in the cross-stream (y-z) plane of the 
finite square prism of AR = 9, for various incidence angles, are shown as contour plots in Figure 
5.11.  For all incidence angles, there exists strong downwash, which originates from the prism’s 
free end and descends into the wake. Unlike finite circular cylinders, negligible upwash velocity 
is seen at x/D = 10 at all incidence angles.  At α = 0° (Figure 5.11 a), there exists a strong downwash 
velocity on the wake centerline. 
Figure 5.10: Absolute value of the wall-normal mean velocity (or maximum downwash velocity)
in the wake of finite square prisms of AR = 3, 5, 7 and 9 at x/D = 10, for incidence angles ranging
from α = 0° to 45°. Finite square prism data for AR = 3 are taken from Ogunremi and Sumner
(2015a). 
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When the incidence angle is increased to α = 5° (Figure 5.11b), a slight asymmetry in the 
wake is formed with the downwash directed slightly towards the thicker side of the wake (+y 
direction). With a further increase in incidence angle, the asymmetry increases further reaching 
the maximum at α = 15° and α = 20° (Figures 5.11d,e). Beyond α = 25°, the wake reduces its 
  
(a) α = 0° (b) α = 5° 
  
(c) α = 10° (d) α = 15° 
  
Figure 5.11: Wall-normal mean velocity contours in the wake of the square prism of AR = 9 at
x/D = 10, for incidence angles ranging from α = 0° to 45°. Contour increment of w/U∞ = 0.04. 
Dashed lines represent negative (downward) velocity. (Figure continues on the following page.) 
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asymmetry and regains a symmetrical pattern at α = 45° (Figure 5.11h). Also, the downwash 
reaches towards the ground plane at α = 45° (Figure 5.11 h). 
 
 
  
  
(e) α = 20° (f) α = 25° 
  
(g) α = 30° (h) α = 45° 
  
Figure 5.11 continued. 
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5.4 Finite Square Prisms of AR = 7 and AR = 5 
The effect of prism orientation on the flow over a finite square prism was also studied for 
prisms of aspect ratios AR = 7 and AR = 5.  Similar to the prism of AR = 9, which has been 
discussed in detail in the previous sections, the incidence angle of the prisms of AR = 7 and AR = 
5 was also varied from α = 0° to α = 45°.  The behaviour of these two prisms was similar to that 
of AR = 9, with a critical incidence angle of around α = 15°.  Given the similarity of the flow 
fields, only some limited comparisons are made here. 
  
(a) AR = 9, α = 15° (b) AR = 7, α = 15° 
 
(c) AR = 5, α = 15° 
 
Figure 5.12: Time-averaged streamwise vorticity field (contours of ωxD/U∞) in the cross-stream 
vertical plane at x/D = 10 for finite square prisms of (a) AR = 9, (b) AR = 7 and (c) AR = 5, at α
= 15° (close to the critical incidence angle).  Solid lines represent positive (CCW) vorticity, dashed
lines represent negative (CW) vorticity. 
 
 
 71 
Figure 5.12 shows the time-averaged streamwise vorticity field at an incidence angle of α 
= 15°, at x/D = 10, for the three finite prisms (of AR = 9, 7 and 5).  This orientation is close to the 
critical incidence angle for these prisms.  For all three aspect ratios, the counter-clockwise tip 
vortex (on the +y side of the wake) shifts to a position higher than that of the clockwise tip vortex 
(on the –y side of the wake), and the mean wake has its highest asymmetry.  The horseshoe vortices 
appear to be evident for all three prisms. For the prism of AR = 7 (Figure 5.12b), however, there 
is a second, weak concentration of counterclockwise vorticity on the +y side of the wake (centred 
at an elevation of approximately z/D = 2), that appears to link the tip vortex and the horseshoe 
vortex. For the prism of AR = 5 (Figure 5.12c), there is instead a concentration of clockwise 
vorticity on the wake centreline just above then ground plane, which is contiguous with the 
clockwise tip vortex on the –y side of the wake. 
Figure 5.13 shows the time-averaged streamwise vorticity field for the finite square prisms 
of AR = 9, 7 and 5 at the α = 45° orientation, where flow symmetry is once again attained.  The 
streamwise vortex structures are now more oval and angular in shape. The vorticity concentrations 
that denote the tip vortices for AR = 9 and 7 (Figures 5.13a,b) seem to show two distinct structures 
with the same sense of rotation.  At lower aspect ratios of AR = 7 and AR = 5 (Figures 5.13b,c), 
the tip vortices merge with the trailing arms of the horseshoe vortex. 
Figures 5.14 and 5.15 show the time-averaged velocity vector field for the finite square 
prisms of AR = 9, 7 and 5 at α = 15° and α = 45°, in the vertical x-z plane.  A strong downwash is 
seen for all prisms.  For both orientations, the recirculation zone shortens as the aspect ratio is 
reduced.  It was clearly identified in the present experiments that the maximum length of 
recirculation zone (Lmax/D) appears to reach its minimum value near α = 15° configuration (Figure 
5.14), which is close to the critical incidence angle. The maximum length of the recirculation zone 
was found to occur at the α = 45° orientation (Figure 5.15). 
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(a) AR = 9, α = 45° (b) AR = 7, α = 45° 
 
(c) AR = 5, α = 45° 
 
Figure 5.13: Time-averaged streamwise vorticity field (contours of ωxD/U∞) in the cross-stream 
vertical plane at x/D = 10 for finite square prisms of (a) AR = 9, (b) AR = 7 and (c) AR = 5, at α
= 45°.  Solid lines represent positive (CCW) vorticity, dashed lines represent negative (CW)
vorticity. 
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(a) AR = 9, α = 15° (b) AR = 7, α = 15° 
 
(c) AR = 5, α = 15° 
 
Figure 5.14: Time-averaged velocity field (velocity components u and w) along the wind tunnel
centreline (y/D = 0) for finite square prisms of (a) AR = 9, (b) AR = 7 and (c) AR = 5 at α = 15° 
(close to the critical incidence angle).  
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(a) AR = 9, α = 45° (b) AR = 7, α = 45° 
 
(c) AR = 5, α = 45° 
 
Figure 5.15: Time-averaged velocity field (velocity components u and w) along the wind tunnel
centreline (y/D = 0) for finite square prisms of (a) AR = 9, (b) AR = 7 and (c) AR = 5 at α = 45°. 
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 CONCLUSIONS AND 
RECOMMENDATIONS 
6.1 Conclusions  
The aim of the present research was to study the effect of incidence angle and aspect ratio 
on the mean wake of  surface-mounted finite-height square prisms, including the mean 
recirculation zone behind the prism and the mean streamwise vortex structures.  For the present 
study, the flow around finite square prisms of AR = 9, 7 and 5 has been studied for a range of 
incidence angles from α = 0° to 45°.  The Reynolds number, based on the width of the prism, was 
Re = 3.7×104, and the relative thickness of the boundary layer on the ground plane, at the location 
of the prism, was δ/D = 1.5.  Time-averaged velocity measurements in the wake were taken using 
a seven-hole pressure probe.  The data obtained were compared with the earlier results obtained 
by Ogunremi and Sumner (2015a) for a finite square prism of AR = 3 (for Re = 3.7×104 and δ/D 
= 1.5), McClean and Sumner (2014) for finite square prisms of AR = 11, 9, 7, 5, and 3 (for Re = 
7.3×104 and δ/D = 1.5), and Sumner et al. (2004) for a finite cylinder (for Re = 6×104 and δ/D = 
2.6).  The wake measurements were carried out within two vertical planes: a vertical x-z plane 
located on the centerline of the wind tunnel (y/D = 0), and a vertical y-z plane located at x/D = 10. 
Based on the research results, and considering the objectives of the research (Section 1.2), 
several conclusions were obtained. 
 
The first objective of the research was to measure the mean velocity field in vertical planes 
(normal to and parallel to the main flow direction) in the wake of finite square prisms of aspect 
ratios AR = 9, 7 and 5, for incidence angles from α = 0° to 45°.  Using a seven-hole pressure probe 
as the measurement instrument, this objective was completed, with the results presented in 
Chapters 4 and 5.  The research presented in the thesis was one of the first systematic studies of 
the mean wake behind a surface-mounted finite square prism where the combined effects of aspect 
ratio and incidence angle were considered.  As such, it contributes new information on the flow 
around surface-mounted finite-height bluff bodies. 
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The second objective of the research was to investigate the effects of incidence angle (α) 
and aspect ratio (AR) on the mean wake, including the mean recirculation zone and the mean 
streamwise vortex structures.  Several conclusions arise from this objective and research: 
 With an increase in aspect ratio, the maximum recirculation zone length of a square prism 
increases from 4.6D (AR = 3) to 8.4D (AR = 9) at α = 0°. But it is worth mentioning that 
the magnitude of increase with aspect ratio reduces with a move to higher aspect ratio, i.e. 
1.7D between AR = 3 and 5, 1.2D between AR = 5 and 7 and 0.9D between AR = 7 and 9.  
The maximum magnitude between AR = 3 and 5 is due to the fact that the critical aspect 
ratio of the prism lies between 3 and 5 for the present experimental conditions (McClean 
and Sumner, 2014; Ogunremi and Sumner, 2015a). 
 A symmetric counter-rotating pair of streamwise vortices, representing the tip vortices, is 
seen in the upper part of the wake at x/D = 10 for all aspect ratios at an incidence angle of 
α = 0°.  The centres of the tip vortices are observed to be near the mid-height of the prism 
at α = 0°. Thus, the location of the vortex centre is a function of the aspect ratio of the prism 
and is approximately equal to 0.56H.  
 Smaller streamwise vorticity concentrations are seen at the outer edges of the wake close 
to the ground plane, which represent the trailing arms of the horseshoe vortex system 
originating upstream from the prism within the boundary layer.  The centres of the 
horseshoe vortex pairs move closer towards the prism with the increase in aspect ratio from 
AR = 5 to 9. 
 At α = 0°, the maximum width of the wake increases with a reduction in AR, increasing 
from approximately 5.2D for AR = 9, to 6D for AR = 7, and to 6.8D for AR = 5. 
 The length of the recirculation zone decreases when moving from the ground plane to the 
free end of the square prism. This indicates that the effect of downwash is maximum near 
the free end of the prism and reduces when moving towards the ground plane. 
 For the square prism of AR = 9, the velocity field shows stronger downwash behind the 
square prism and below the free end height compared to the prisms of AR = 7 and 5. The 
downwash weakens along the axis of the prism towards the ground plane and the remaining 
flow is directed towards the downstream direction. 
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 The streamwise velocity component (u/U∞)min in the wake region shows a maximum value 
for AR = 3 and a minimum value for AR = 9.  This is consistent with published mean drag 
coefficient data. 
 As α is varied from 0° to 45°, the mean wake shifts in the direction of rotation of the prism, 
opposite to the direction of the mean lift force, with the counterclockwise tip vortex moving 
higher above the ground plane while the clockwise tip vortex moves closer to the ground 
plane.  The asymmetry in the mean wake is most pronounced at the critical incidence angle, 
which was between α = 10° and 15° in the experiments. When the prism is further rotated 
to α = 20° and higher, the asymmetry of the recirculating flow begins to diminish, until a 
symmetric arrangement of the tip vortex pair is once again established at α = 45°. 
 The tip vortices gradually elongate towards the ground plane and for α = 25° to 45° and 
become linked to the vorticity associated with the horseshoe vortex arms. 
 With the increase in incidence angle, the maximum length of the recirculation zone 
decreases initially and reaches a minimum value at critical incidence angle and then 
increases with increase in α and reaches maximum at α = 45°. 
 The smallest value of the streamwise velocity component (u/U∞)min in the wake at x/D = 
10  of the finite square prism decreases with aspect ratio for all incidence angles.  With the 
increase in incidence angle, the magnitude of (w/U∞) reduces and reaches its minimum 
value at α = 15° and then it increases and reaches a maximum value at α = 45°. Thus, the 
minimum downwash velocity is attained for a prism configuration of α = 15° and maximum 
downwash velocity at α = 45°. For the AR = 3 prism (Ogunremi and Sumner, 2015a), the 
minimum downwash velocity is obtained at α = 10°. The different behaviour for AR = 3 
prism can be attributed to the fact that it lies below the critical aspect ratio for the present 
experimental conditions. 
 
The third objective of the research was to compare the mean wake of a finite square prism 
with that of a finite cylinder, using finite-cylinder results from the literature.  From the research 
results, it was concluded that: 
 The maximum recirculation zone length for a finite square prism is much higher than that 
of a finite cylinder, for bodies of similar aspect ratio. 
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 The base vortex structures are nearly absent at x/D = 10 for the square prism. The base 
vortex structures are responsible for the upwash flow, and the present experiments clearly 
identify that there is no significant upwash for the finite square prism at x/D = 10.  This 
contrasts with similar wake measurements for a finite cylinder, by Sumner et al. (2004), 
which showed the presence of the streamwise base vortices at x/D = 10 as well as upwash 
close to the ground plane. 
 The trailing arms of the horseshoe vortices, which were identified in the wake of the finite 
square prisms at x/D = 10, were not seen in the finite cylinder data obtained by Sumner et 
al. (2004).  The increased “bluffness” of the finite square prism, with the flat surfaces, 
sharp edges and well-defined separation points, is responsible for a larger and stronger 
horseshoe vortex system, compared to the finite cylinder. 
 
The fourth objective of the research was to identify the mean wake flow pattern associated 
with the critical incidence angle of the finite square prism. 
 The maximum asymmetry in the tip vortex pair coincides with the critical incidence angle 
for the prism, which lies between α = 10° and 15° (McClean and Sumner, 2014).  Close to 
the critical incidence angle, between α = 10° and α = 15°, the CCW tip vortex moves to its 
highest point above the ground plane, while the CW tip vortex moves towards the ground 
plane.  
 The critical incidence angle, which was known to correspond to the minimum value of 
mean drag coefficient, maximum magnitude of the mean lift coefficient, and maximum 
value of the Strouhal number (McClean and Sumner, 2014), is also found to correspond 
with the smallest magnitude of the mean downwash velocity component (w/U∞), the largest 
value of the minimum mean streamwise velocity component (u/U∞)min, the maximum value 
of positive (counterclockwise) mean streamwise vorticity within the wake, and the 
minimum value of Lmax/D. 
 
6.2 Recommendations for Future Work 
The present research was carried out to study the mean wake of a surface-mounted finite-
height square prism and how it is influenced by changes in incidence angle and aspect ratio. 
However, only certain parameters are changed in the present research while others remained 
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unchanged throughout the experiments.  For future work, the following recommendations should 
be taken into consideration: 
 All the present experiments were carried out at a single boundary layer thickness of δ/D = 
1.5. The effect of boundary layer thickness on the wake, especially for prisms at non-zero 
incidence angles, is still not well understood.  Systematically varying the boundary layer 
thickness, while keeping other parameters constant, could reveal more details on the 
boundary layer effects for this class of bluff bodies. 
 Measurements in the vertical planes on the centreline of the wind tunnel could not be made 
too close to the prism, to protect the probe from accidental damage, and to avoid regions 
of reversing flow where the probe could not be operated.  A more efficient way to carry 
out measurements close to the prism, such as PIV, could be adopted in future.  There have 
been few, if any, studies of the flow around surface-mounted finite-height prisms at non-
zero incidence angles that have used the PIV technique. 
 The present experiments were carried out at a single Reynolds number of Re = 3.7×104.  
Although Reynolds number effects for square prisms are relatively small compared to 
cylinders, conducting experiments at lower and higher Reynolds numbers could reveal 
some Reynolds number effects on the flow behaviour. 
 For the current study, prisms of aspect ratio AR = 9, 7 and 5 were considered.  The effect 
of incidence angle and aspect ratio on prisms of lower aspect ratio, such as AR ˂ 3 or AR 
> 9, need to be studied, since there are relatively few studies in the literature. Some 
preliminary results were recently published for finite square prisms of AR = 1 and AR = 
0.5, using similar experimental conditions as the present thesis research, which showed 
distinct wake behaviour as the incidence angle was changed (Sumner et al., 2016). 
 Due to time limitations, the number of measurement planes and their locations had to be 
limited.  The vertical x-z plane measurements were taken only on the wind tunnel centreline 
(y/D = 0).  Considering more vertical planes on either side of the wake centreline could 
reveal more details about the flow.  The vertical cross-stream y-z plane measurements were 
taken only at x/D =10.  Additional measurement planes at different values of x/D would 
reveal the streamwise development of the mean wake.  Some measurements were also 
made in a horizontal (x-y) plane at the mid-height position (z/H = 0.5) for selected aspect 
ratios and incidence angles.  However, the results did not provide too much information, 
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and due to time limitations they were not continued or reported in the thesis.  Nonetheless, 
additional horizontal planes could be considered, perhaps closer to the free end or upper 
part of the wake. 
 To better understand what happens at the critical incidence angle, the incidence angle 
settings could be more refined, i.e. taken using smaller increments of α, in the range of 10° 
˂ α ˂ 30°). 
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